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THE  PROBLETJ 


The  partial  o:>d.dation  of  butane  has  been 
selected  by  the  Research  Council  of  Alberta  as  one  of 
a  series  of  long  term  basic  research  p2X)jects  in  the  field 
of  natural  gas  utilization.  This  phase  of  the  project  was 
largely  exploratory  v/ith  an  objective  of  recording  the 
effects  of  pressure,  composition  and  reaction  time  upon 
the  reaction  for  a  fixed  reaction- initiating  temperature. 
Recognition  of  the  salient  features  of  the  reaction  and 
the  influences  of  tlie  process  equipment  design  were  also 
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ABSTRACT 

The  homogeneous  gas-phase  reaction  of  normal  butane  with 
oxygen  was  perfoimed  in  a  single-pass  reactor  of  fixed  length, 
immersed  in  a  bath  which  boiled  substantially  constant  at  725*^F. 
Useful  products  identified  included  methanol,  ethanol,  acetaldehyde, 
acetone  and  formic  acid.  The  effects  of  pressure,  composition  and 
reaction  time  are  presented  in  the  following  table: 


Parameter 

Pressure 

Reaction  Time 

Nitrogen 

Butane 

0:>:ygen 

Pressure  (psia) 

variable 

100 

100 

100 

100 

Reaction  time 
(sec.) 

3.0 

variable 

3.0 

3.0 

3.0 

%  Butane 

3.0 

3.0 

1:1 

variable 

3.0 

%  Oxygen 

3.0 

3.0 

ratio 

3.0 

variable 

Range  tested 

50-175 

0.8-4. 5 

1. 5-6.0 
butane 

1. 5-6.0 

1. 5-6.0 

Limiting  value 

50 

1.0 

1.5 

butane 

none 

1.5 

Optimum  range 

115-135 

1. 0-2.0 

3. 5-4. 5 

butane 

3.0-4. 5 

3. 5-5.0 

Optimum  conversion  to  useful  products  was  of  the  order  of  10  per  cent  of 
the  total  carbon  introduced  v.dth  the  exception  of  the  runs  where  the  butane 
to  oxygen  ratio  was  constant  but  their  concentration  was  clianged.  In 
tliis  case,  a  carbon  conversion  of  22  per  cent  was  indicated.  Evidence 
of  a  chain  reaction  is  indicated  by  an  observed  reaction  induction 
period  of  app2x>ximately  0.70  sec.  and  perhaps,  by  a  minimum  oxygen 
concentration  critical  to  reaction  propagation. 
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The  thermal  history  of  the  reaction  was  deduced  from  five 
temperatures  taken  at  equal  intervals  along  the  reactor,  heats  of 
reaction  obtained  from  enthalpy  balances  and  oveiall  heat  transfer 
coefficients  for  the  reactor.  The  course  of  the  reaction  was  ^ilar 
to  a  *'run-aT7ay’'  type  v/here  the  reaction  rate  increases  exponentially 
because  of  inability  to  dissipate  quickly  the  heat  liberated.  The 
reaction  proceeded  over  a  period  of  1.0  sec.  after  which  only 
cooling  of  the  hot  gases  was  evident. 

Overall  heat  transfer  coefficients  for  the  reactor  were 
based  on  data  obtained  in  tests  where  air  v/as  both  heated  and  cooled 
by  the  bath.  Gas  film  coefficients  were  estimated  from  other 
published  coirelations  and  from  these  values,  the  bath  film  coefficients 
were  calculated.  Neither  film  was  indicated  to  be  controlling  and  at 
the  lower  floy;  rates,  the  gas  flow  may  overlap  into  the  transitional 
flow  region. 
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INTEODUCTION 


The  term  ’'petrochemicsJL”  is  today  generally  applied  to 
those  industrially  important  chemicals  which  use  natural  gas  or 
petroleum  iydro carbons  as  their  basic  raw  material.  The  majority 
of  "petrochemical"  processes  based  on  natural  gas  may  be  classified 
according  to  the  fo2J.owing  general  approaches: 

1.  Synthesis  from  "refoimed"  natural  gas 

The  chemical  may  be  synthesised  from  the  gases  carbon 
monoxide  and  hydrogen  obtained  when  methane  is  treated  with  steam 
and  oxygen  at  high  temperatures  in  the  presence  of  catalysts. 

2 .  Oxidation 

The  liydro carbons  are  oxidized  directly  to  useful  oxygenated 
organic  derivatives. 

3.  Pyrolysis 

The  hydrocarbon  is  decomposed  to  other  fonns  primarily 
olefins  by  heating  at  liigh  temperatures. 

4.  Substitution 

These  include  the  other  processes  whereby  hydrocarbons  under 
special  conditions  are  made  to  undergo  halogenation,  nitration, 
sulfonation,  Friedel-Crafts  and  other  reactions. 

While  oxygenated  organic  chemicals  may  be  obtained  from 
hydrocarbons  treated  from  any  of  these  approaches,  thie  present 


I  — {.'  ;  ■  { 


\ 


j 


i 


.}■ 


j-  .  i  f 


i  . 


f-  i 


i.U.-  -J.  i;  •  1  .  i 


( 


y 


i 


\. 


>  i  .  J 


A>  . 


d'z  ■  j  .• .  '* 


<  J  .  ;  ) 


•J  .  .  ..J 


I 


-  5  - 


discussion  is  limited  to  the  direct  o:xidation  of  gaseous  paraffins. 

This  oxidation  may  be  perfoimed  "STith  air,  oxygen  or  chemical  oxidizing 
agents.  Methane,  ethane,  propane  and  butane  constitute  the  bulk  of 
the  feed  material  and  their  oxidation  products  include  alcohols, 
aldehydes,  ketones,  acids,  esters  and  alkyl  oxides  as  -^ell  as  carbon 
dioxide,  carbon  m0n02d.de  and  water.  In  commercial  oxidations,  air 
is  usually  preferred  as  the  oJdLdizing  medium. 

Several  technical  obstacles  arise  in  direct  o2d.dation 
processes.  The  process  must  be  carried  out  with  non-inflammable 
mixtures  and  so,  either  air  or  lydrocanbon  must  be  in  considerable 
excess,  the  latter  being  preferable.  Excess  air  greatly  limits  the 
hydrocarbon  concentration  and  under  these  conditions,  complete 
oxidation  of  the  hydrocarbons  would  be  promoted.  Air  also  reduces  the 
product  concentration  in  the  e:-d.t  gases  and  results  in  increased 
recovery  costs.  With  excess  paraffin,  only  low  conversion  per  pass 
is  attained  necessitating  recovery  and  recycling  of  the  excess  hydro¬ 
carbon.  The  process  yields  mixtures  of  products  v/liich  require  expensive 
separational  methods.  The  overall  process  yields  of  useful  products 
are  not  high  owing  to  the  loss  of  carbon  as  carbon  monoxide  and  carbon 
dioxide . 

Early  development  of  these  processes  was  delayed  by  the 
difficulty  in  controlling  the  reaction  to  prevent  complete  combustion, 
of  the  hydro C£.irbons  to  carbon  dioxide  and  water.  With  decreasing 
chain  length  in  the  aliphatic  paraffins,  the  conditions  needed  to 
initiate  the  reaction  become  increasingly  more  severe.  Tiiis  is 
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particularly  noted  with  meth.ane  and  ethane  where  most  of  the  reaction 
intermediates  are  more  easily  oxidized  than  the  original  reactant. 

To  control  the  reaction  and  obtain  yields  of  interaedia^te  oxygenated  com¬ 
pounds,  the  following  methods  v/ere  employed: 

1.  Use  of  low  oxygen-hydrocarbon  ratios  in  feed  stock. 

2.  Use  of  short  reaction  times  followed  by  an 
instantaneous  quench. 

3.  Use  of  catalysts  and  higher  pressures  to  reduce 
the  initiation  temperature. 

4.  Use  of  inert  gases  to  reduce  concentrations  of  re¬ 
actants  and  to  absorb  the  heat  of  reaction. 

Commercial  processes  involving  direct  oxidation  of  the 
lower  paraffins  were  pioneered  by  the  Cities  Service  Oil  Company 
in  1926,  at  Tallant,  Oklahoma.  According  to  this  company’s  patents  (8), 
the  feed  is  comprised  of  methane,  ethane,  propane  and  butane  mixed 
with  about  10  percent  by  voliome  of  air.  The  reaction  at  860®F  and 
20  atm.  over  a  contact  catalyst  yielded  methanol,  formaldehyde, 
acetaldehyde  and  lesser  quantities  of  acetone  and  dimethyl  acetal. 

Oxygen  is  consumed  completely  and  after  product  recovery,  the  un¬ 
reacted  hydrocarbons  70. th  necessary  makeup  are  recycled.  Reaction 
time  is  of  the  order  of  a  few  seconds.  At  20  atm.  the  foimaldehyde 
yield  is  at  its  maximum  but  at  50  atm.,  methanol  is  the  main  product. 

More  recontiy,  the  Celanese  Corporation  of  America  has 
successfully  operated  plants  near  Bishop,  Texas.  Using  direct 
oxidation  of  propane  and  butane,  the  products  formaldehyde,  acetalde- 
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hyde,  propioneJLdehyde,  acetone,  methyl  ethyl  ketone,  methyl, 
ethyl  and  n-propyl  alcohols,  formic,  acetic  and  proprionic  acids, 
and  tetrahydrofuran  are  obtained.  One  of  their  patents  (7)  claims 
control  of  secondary  reactions  by  very  rapid  reaction  in  the  presence 
of  large  voliames  of  inert  gas  -srhich  limit  the  temperature  rise,  in 
illustration  is  given  in  which  one  volume  of  butane  is  mixed  with 
110  volumes  of  steam  and  10  volumes  of  air.  The  reaction  is  performed 
at  20-30  atm.  with  a  maximum  reaction  time  of  1.15  sec.  The  butane 
is  preheated  to  302oF  and  the  steam-air  mixture  is  preheated  to  752oF. 
The  principle  of  limited  oxidation  per  pass  and  recycling  of  unreacted 
hydrocarbons  together  witli  air  and  hjrdrocarbon  makeup  is  employed. 

At  Edmonton,  Alberta,  Canadian  Chemicals  Limited  has  undertaken  the 
construction  of  another  large  petrochemical  plant  based  upon  the 
Celanese  oxidation  process.  At  this  date,  plant  operation  has  not 
commenced  so  that  no  operating  details  are  available. 

The  scant  information  released  by  companies  successfully 
employing  direct  oxidation  processes  is  not  of  much  value  in  clarifying 
the  basic  aspects  of  hydrocarbon  oxidation.  Much  discussion  of  the 
process  problems  is  published  (14,  30,  33)  but  significantly  it  too 
is  qualitative. 

The  field  of  direct  hydrocarbon  oxidation  provides  another 
example  where  successful  application  and  technology  have  out-distanced 
the  advancement  of  the  underlying  theoretical  concepts.  Much  more 
fundamental  data  on  hydrocarbon  oxidation,  particularly  of  the  higher 
alipha tics,  are  required. 
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LITERATURE  REVIE??  OF  THEORETICAL  WORK 
ON  HYDROCARBON  0}a:D-ATI0N 


The  production  of  organic  compounds  by  direct  oxidation 
of  paraffins  with  air  or  oxygen  has  been  the  subject  of  much 
investigation.  The  correlation  of  this  work  lias  been  extremely 
difficiilt  because  minor  changes  in  operating  conditions  and  the 
presence  of  catalytic  materials  directly  aJTfect  the  extent  and 
nature  of  the  reaction.  Fundamental  work  other  than  from  recent 
publications,  as  summarised  in  this  section,  is  selected  mainly 
from  several  reviews  by  Goldstein  (17),  Brooks  (5)>  Egloff,  Nordman 
and  Van  Arsdell  (12)  and  Linford  (20) . 

Theories  of  Rydrecarbon  Oxidation 

Before  entering  the  discussion  of  the  experimental  results 
obtained  by  workers  in  tliis  field,  an  insight  into  proposed  meclianisms 
of  oxygen  attaclc  on  paraffins  should  be  of  value.  Three  basic  theories 
have  been  suggested  but  widespread  acceptance  of  a  single  theory  is 
not  manifest.  Indeed,  much  good  experimental  evidence  may  be  cited 
to  support  each  of  the  assumed  mechanisms. 

1.  I^ydroxylation  Theory 

The  oldest  mechanism,  the  hydroxylation  theory,  was  developed 
mainly  by  Bone  and  co-workers  (3o-)  who  proposed  a  series  of  hydroxylations 
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and  theimeJ.  decompositions.  This  theory  indicates  alcohols  would 


be  the  primary  products  and  where  the  reaction  has  been  stopped  in 
its  initial  stages,  methane  oiddation  at  ordinary  pressures  ha.s 
revealed  the  presence  of  methanol  in  considerable  quantities.  For 
the  higher  paraffins  h£.ving  initial  osddation  tempera-tures  lower 
than  those  of  the  alcohols,  alcohols  are  frequently  noted  in  the 
oxidation  products.  Under  some  conditions,  propane  and  butane 
appear  to  be  oxidized  directly  to  aldehydes  by  oxidation  of  the 
carbon  atom  at  the  end  of  the  carbon  cliain.  Primary  alcohols  have 
also  been  converted  to  aldehydes  by  direct  dehydrogenation.  It  has 
been  pointed  out  that  Bone’s  theory  v;ould  require  splitting  of  the 
oxygen  molecule  which  is  considered  unlikely  at  the  temperatures 
employed. 

2 .  Peroxide  Theory 


The  peroxide  theory  as  first  enunciated  by  Bach  (l)  and  by 


lihgler  and  Wild  (13)  proposed  that  peroxides  or  alkyl  hydrogen  peroxides 
are  the  initial  products  in  hydrocarbon  oxidation.  These  unstable 
alkyl  pero^’ides  decompose  to  aldehydes,  acids,  water  and  carbon  dioxide. 


CH/h  +  02 - CH3OOH - *-HCHO  +  H2O 

CH4 

2CH3OH 
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This  theory  avoided  the  atomic  oxygen  mechanism  inherent  in  the 
hydroxylation  theoiy  because  the  peroxides  could  be  foimed  by  direct 
combination  ■Edth  molecular  oxygen.  In  oxidations  of  hexane,  heptane 
and  octane  nith  air  in  a  flow  system  at  620°F  both  peroxides  and 
aldehydes  have  been  detected.  One  rather  vague  criticism  is  raised 
because  aldehydes  are  considered  normal  products  from  alkyl  peroxide 
decompositions  and  yet  both  of  these  products  ane  found  in  association. 

Both  hydroxylation  and  peroxide  reactions  are  said  to  be 
initiated  in  chain  reaction  series  to  account  for  the  observed  inhibition 
of  hydrocarbon  oxidation  by  surfaces.  The  proposed  chain  starting  and 
chain  ending  mechanisms  are  numerous. 

3.  Atomic  Chain  Theory 

The  atomic  cliain  theory  was  proposed  by  Norrish  (23) 
who  considered  the  formation  of  a  hydrocarbon  radical  and  an  oxygen 
atom.  The  chain  initiating  oxygen  is  fomed,  in  the  case  of  methane, 
from  formaldehyde  produced  in  a  surface  reaction  and  its  subsequent 
oxidation  to  foimic  acid  v/ith  the  liberation  of  an  oxygen  atom.  The 
oxygen  atom  may  initiate  the  cliain  reaction,  which  may  repeat  or  the 
chain  be  broken. 

02 

0  +  CE4 — ^  :  CH2  f  H2O - CH2O  I  0 

To  terminate  the  chain,  a  surface  reaction  or  a  ternary  collision 
may  occur 

CH4  +  0  -}•  X  - CH3OH  \  X* 

where  X  is  an  inactive  or  inert  molecule.  This  theory  differs  from  the 
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peroxide  theoiy  in  that  the  reaction  is  propagated  by  atoms  and 
ra-dicais  and  not  by  an  energy  chain  mechanism. 

In  the  above  examples,  the  proposed  raechaniaiis  are  illustrated 
by  attacks  upon  a  meth-ane  molecule.  It  is  possible  thr.t  the  inteipretation 
of  the  reaction  of  butane  with  oxygen  may  be  oversimplified  but  the 
mechmisms  illustrated  should  be  basic  to  attacks  upon  any  hydrocarbon. 

Other  investigators  including  Lewis  (19),  von  Elbe  and 
Lev/is  (28^  Edgerton  (ll)  and  Bludworth  (3)  have  modified  the  above 
mechanistic  concepts  but  to  date  no  single  theory  satisfactorily 
explains  all  phenomena  associated  with  hydrocarbon  oxidation.  More 
recently,  the  conjectures  are  raised  that  more  than  one  m.echanism  may 
be  involved  or  that  some  oxidations  are  isolated  problems. 

Thermal  0>d.dation  of  Alkanes 

The  greater  part  of  development  work  has  been  directed 
towards  the  oxidation  of  the  hydrocarbons,  methane,  etliane,  propane 
and  butanes.  Some  general  rules  applicable  to  oxidation  have  been 
formulated  (12)  regarding  the  hydrocarbon  structures  and  their 
relation  to  ease  of  oxidation. 

1.  The  longer  the  straight  chain  of  carbon  atoms,  the 
easier  is  their  oxidation. 

2.  Brandling  in  the  molecule  increases  the  difficulty 
of  oxidation. 

3.  The  thermal  stability  of  pure  noimal  paraffins  is 
inversely  proportional  to  chain  length. 
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4.  The  initial  combustion  temperature  is  lowered  as 

the  carbon  content  of  the  noimal  paraffins  increa.ses* 

Nearly  all  of  the  possible  oxidation  products,  alcohols,  aldehydes, 
ketones,  acids  and  oxides,  h-ave  been  obtained.  Chain  lupture  of  the 
higher  hydroc3,rbons  always  occurs  so  that  oxygenated  molecules  with 
the  same  number  of  carbon  atoms  as  the  hydrocarbon  constitute  only  a 
small  fraction  of  the  useful  products.  Use  of  catalysts  in  oxidation 
of  the  simpler  paraffins  tends  to  increase  the  rate  and  reduce  the 
yields  of  intermediates. 

1 .  Methane 

Methane  at  atmospheric  pressure  is  not  oxidized  appreciably 
below  lUOOF  according  to  Blair  and  TTheeler  (2) .  All  intermediates 
are  susceptible  to  oxidation  at  temperatures  below  that  of  methane. 
Wiezevich  and  Frolich  (32)  found  nearly  pure  methane  required  at  least 
970OF  for  oxidation  at  pressures  of  130-135  atm.  Introduction  of  ethane 
in  increasing  amounts  decreased  the  initiation  temperature  further  and 
also  increased  metlianol  yields  to  the  extent  that  some  methane  oxidation 
was  necessary  to  account  for  all  of  the  reacted  carbon.  Low  pressures 
favoured  formaldehyde  yields  at  the  expense  of  methanol  whereas  liigher 
pressures  reversed  this  trend.  Burke  and  Fryling  (6)  oxidized  methane 
vmLth  50  per  cent  air  at  temperatures  of  390®  to  930°F  and  pressures  of 
200-1750  p,si,3.  without  catalysts  and  obtained  aldeliydes  and  acids  primarily. 
Paris  (24)  found  that  low  oxygen  to  hydrocarbon  ratios  under  high 
pressures  yielded  methanol  mainly. 
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2 .  Ethane 

Ethane  is  found  to  oxidise  more  easily  than  methane.  Alcohols, 
aldehydes,  and  acids  corresponding  to  the  ethane  molecule  are  found  in 
quantities  larger  than  the  products  coiTesponding  to  the  methane 
molecule  in  spite  of  a  tendency  toTrards  a  carbon  to  carbon  bond 
rupture.  Newitt  and  Town  end  (22)  using  approximately  8  to  1  ethane- 
oxygen  at  520°F  and  100  atm.  obtained  methanol  and  ethanol  primarily 
with  smaller  amounts  of  both  corresponding  acids  and  aldehydes. 

Increased  pressure  favoured  ethanol  but  reduced  yields  of  methanol  and 
formaldehyde . 

3 .  Propane 

Propane  at  150  atm.  reacts  with  oxygen  at  temperatures  as 
low  as  2340F  according  to  Wiesevich  and  Frolich  (32) .  This  temperature 
increased  to  3040F  when  the  pressure  was  reduced  to  33  atm.  Products 
reported  were  acetaldehyde,  formaldehyde,  acetone,  methanol,  ethanol, 
propanol,  butanol,  acetic  acid  and  foimic  acid.  Higher  pressures  also 
favoured  oxidation  of  the  middle  carbon  atom  in  propane. 

4.  Butane  and  higher 

Oxidation  temperatures  of  butane  are  also  reduced  according  to 
Wiezevich  and  Frolich  (32).  A  hydrocarbon  mixture  with  95  per  cent  butane 
oxidized  readily  at  temperatures  of  410-490oF  and  pressures  of  33-160 
atmospheres.  They  report  the  identification  of  one-,  twoj  three-  and 
four-carbon  atom  alcohols,  acetaldehyde,  propionaldehyde,  acetone. 


acetic  acid  and  propyl  acetate.  Lower  pressures  seemed  to  favour  the 
fomation  of  low  molecular  weight  alcohols  and  acids  whereas  the  higher 
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4 

pressures  favoured  formation  of  higher  moleculr  -vreight  alcohols 
sjid  aldehydes. 


O:d.dation  of  60  per  cent  n-pentane  and  40  per  cent 
isopentane  at  approximately  135  atm. and  temperatures  ranging  from 
570°  to  930°F  by  Wiezevich  and  Frolich(32)  gave  little  methanol  and 
foimaldehyde  but  mainly  acetaldehyde,  methyl  ethyl  ketone,  ethyl  and 
propyl  alcohol  and  secondary  amyl  alcohols. 

Some  work  has  been  done  on  higher  individual  lydrocarbons 
by  Wiezevich  and  Frolich  (32),  TTheeler  and  Blair  (31)  and  other 
authors,  but  this  information  reflects  to  an  even  greater  e^rtent  the 
difficulty  in  making  overall  interpretations  of  experimental  oxidation 
data.  The  extensive  work  of  Wiezevich  and  Frolich  (32)  unfortunately 
is  obscured  by  the  use  of  impure  feed  stocks.  The  excellent  review 
by  Egloff  and  associates  (12)  also  summarizes  other  infoimation,  part 
of  which  is  presented  intact  here: 

In  theimal  oxidation  of  alkanes,  increase  of 
temperature  resulted  in  a  shorter  induction  period. 
Temperatures  greater  than  those  required  for  pyrolysis 
result  in  rupture  of  molecules. ...  Slow  heating  presumably 
permits  the  early  formation  of  products  wliich  initiate 
the  reaction.  Preheating  the  reactants  before  combining 
them  does  not  shorten  the  induction  period. 

The  composition  of  the  reacting  mixture  influences 
both  the  rate  of  oxidation  and  the  amount  of  oxidation 

products  formed....  If  oxygen  is  in  slight  excess, 
variation  in  its  concentration  has  little  effect  upon 
the  oxidation  but  the  presence  of  a  great  excess  has 
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an  inhibitory  effect.  Although  the  induction 
periods  of  ethane  and  propane  were  longer  when  the 
oxygen  concentration  was  high,  the  reaction  rate  was 
greater  after  the  reaction  began.  Since  rapid  reaction 
causes  a  temperature  rise  which  is  destructive  to 
liqiiid  products  already  foncied,  high  hydrocarbon 
concentrations  favour  increased  yields  of  paxtially 
oxidized  products. 

Increased  pressure  influences  hydrocarbon 
oxidation  by  increasing  the  reaction  rate,  de¬ 
activating  chain  carriers,  altering  electrostatic 
field  and  directing  a  reaction  so  that  less  space 
is  required. 


The  literature  includes  e^rtensive  mention  of  oxidation 
studies  with  solid  and  gaseous  catalysts.  A  recent  paper  by  Dodge 
and  co-workers  (4)  in  which  n-butane  was  catalyti cally  oxidized 
indicated  olefinic  oxygenated  products  which  are  not  encountered  in 
the  homogeneous  non-cata-lytic  oxidation  studies  discussed.  Because 
this  phase  of  the  butane  partial  oxidation  project  does  not  involve 
catalytic  reactions,  no  further  mention  of  catalytic  investigations 
will  be  presented  here. 

It  is  wortlw/hile  to  mention  that  another  recent  summary'’ 
paper  by  Rust  and  Vaughn  (26)  describes  an  alternative  method  of 
oxidation  involving  bromination.  Ttiis  paper  is  of  interest  because 
it  supports  a  peroxide  mechanism  and  all  of  the  postulated  intermediates 
were  actually  isolated. 
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PSOCESS  iiND  EQUIPMENT 


General  Details 

This  study  of  direct  oxidation  of  hydrocarbons  was  started 
by  Doctors  D.  Quon  and  D.  B.  Eobinson  of  the  Eesearch  Council  of 
Alberta  and  University  of  Alberta  staffs,  respectively,  using  the 
facilities  of  the  Department  of  Chemical  end  Petroleum  Engineering, 
University  of  Alberta.  The  process  details  were  selected  and  the 
main  designs  drawn  up  by  them.  Reference  to  iigure  1  will  illustrate 
the  essentials  of  the  process  flowsheet  which  will  now  be  described 
very  briefly. 


Distilled  water  Inert  gases 


Aqueous  solution 
of  products 


Figure  1. 


The  butane  was  to  be  oxidized  in  a  homogeneous  gas  pha.se 


reaction  v/ith  oxygen.  High  concentrations  of  inert  nitrogen  and 
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increased  pressures  were  to  be  used  in  controlling  the  reaction 
at  non-inflammable  concentrations.  After  preheating  the  butane  and 
nitrogen-oxygen  mixture  separately,  the  two  streams  were  to  be  mixed 
and  introduced  into  the  reactor  at  the  reaction-initiating  temperature. 
The  two  streams  entering  the  reactor  from  opposing  directions  impinged 
upon  each  other  and  it  was  felt  that  sufficient  turbulence  was 
generated  to  complete  the  mixing  vfithin  a  short  length  of  the  reactor. 
The  reuctor,  a-  vertical  helical  coil  immersed  in  a  boiling  bath,  was 
designed  to  suppress  the  temperature  rise  of  the  exotheimic  reaction 
with  the  cooling  effect  of  the  boiling  bath.  Upon  leaving  the  reactor, 
the  products  and  imreacted  gases  were  to  be  quenched  vdth  water  and 
cooled  to  terminate  any  further  reactions.  The  pressure  of  the  flow- 
system  would  then  be  reduced  to  atmospheric  pressure  and  the  low- 
pressure  stream  would  enter  a  packed  absorption  tower  for  removal  of 
useful  products  by  absorption  in  water.  The  aqueous  product  solutions 
could  be  -withdrawn  at  the  column  base  and  the  inert  gases  vented 
from  its  head. 

In  1950,  R.  G.  Duthie,  a  graduate  student  in  chemical 
engineering,  undertook  the  construction  and  ins-tallation  of  the 
equipment.  He  carried  out  some  preliminary  runs  but  his  results 
were  questionable  because  neither  analytical  techniques  nor  reaction 
control  were  satisfactory.  This  experience  did  indicate  some  of  the 
equipment  fea-fcures  which  req-uired  modification. 
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Raw  Materials 


Nitrogen  and  Oxygen 

These  two  gases  were  combined  into  a  mixture  of  pre- 
deteimined  composition  for  simplicity  in  handling.  Commercial 
mixtures  were  found  to  be  unsatisfactory  because  of  delivery  delays 
and  poor  concentration  reproducibility.  To  avoid  this,  nitrogen 
containing  1-2  per  cent  and  6-10  per  cent  oxygen  was  purchased 
separately,  mixed  to  the  desired  oxygen  content,  and  recompressed 
in  this  laboratory.  Under  these  conditions,  oxygen  concentrations 
could  be  reproduced  almost  exactly. 

The  two  cylinder  discharges  were  individually  metered  with 
two  large  calibrated  3X)tameters,  mixed  in  a  short  section  of  packed 
pipe  and  then  fed  into  the  intake  of  a  3-stage  15  h.p.  Rix  Compressor. 
Between  mixer  and  compressor,  an  oil-sealed  gasholder  provided  feed 
storage  for  continuous  compression.  A  small  oil  trap  with  blowdown 
valve  was  installed  after  the  compressor.  From  here,  the  compressed 
gas  was  led  directly  to  the  nitrogen-oxygen  storage  cylinder  manifold 
which  will  be  mentioned  in  the  partial  oxidation  equipment  layout. 
Figures  2  and  3  show  the  mixing  panel,  gasholder,  and  compressor. 

Some  compressor  oil  did  reach  the  cylinders  with  the  re¬ 
compressed  mixture  but  after  cooling  and  standing  for  a  few  days,  no 
oil  droplets  could  be  detected  in  the  cylinder  discharge.  The  vapour 
pressure  of  the  oil  was  insignificant. 
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n-Butane 

All  butane  hydrocarbon  used  in  this  work  was  purchased 
from  the  Phillips  Petroleum  Company  and  was  guaranteed  99  per  cent 
n-butane.  Impurities  are  stated  to  be  iso-butane  and  iso-pentane 
but  probably  no  higher  than  0.3  per  cent  of  each. 

Water 

Distilled  water  was  used  in  all  process  streams  other  than 
fer  water-cooled  condensers. 

Details  of  Equipment 

This  section  describes  the  features  of  the  process  equipment 
v/hich  was  finally  used  in  this  study.  Because  all  of  the  major 
equipment  was  modified  and  rebuilt  and  the  process  controls  were 
improved,  a  detailed  description  of  each  part  mil  be  included. 

Figure  4  gives  a  diagrammatic  picture  of  the  equipment  layout. 

Figures  5  and  6  show  the  process  equipment  and  a  combined  view  of 
the  instrument  panel  and  process  equipment. 

Butane  and  Water  Storage  and  Measurement 

Butane  and  v/ater  were  stored  under  a  nitrogen-pressurized 
a-t2uosphere  in  vertical  cylinders.  The  pressure  of  nitrogen  within  a 
commercial  cylinder  was  reduced  with  an  ordinary  cylinder-attached 
pressure  reduction  valve  to  the  storage  pressure  of  210  p^i^. 

Between  this  cylinder  and  the  storage  vessels,  a  ballast  tank  was 
inserted  to  maintain  a  unifom  storage  pressure.  Under  tiiis  pressure 
and  room  temperature,  the  butane  remained  in  a  liquid  phase. 
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Figure  6 . 
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Solubility  data  for  nitrogen  in  liquid  hydrocarbons  (I5)  indicated 
that  the  quantity  of  nitrogen  T/h_Lch  dissolved  in  the  butane  ^s 
negligible. 

Both  storage  vessels  were  constructed  from  a  4B  inch  length 
of  4-inch  schedule  40  iron  pipe,  flanged  at  the  top  and  capped  at  the 
base.  The  water  cylinder  was  galvanized  to  prevent  coixosion. 

Both  cylinders  were  connected  to  the  same  ballast  nitrogen  source 
and  their  contents  were  discharged  up  through  a  section  of  standard 
5-inch  pipe,  which  extended  internally  f3X)m  the  top  to  nearly  the  base 
of  the  storage  vessels.  The  discharges  were  metered  separately  in 
rotameters  with  the  follo^ving  maximum  capacities; 

Butane  -  33  cc/min 

Quench  water  -  37  cc/min 

Needle  valves  for  flow  regulation  were  installed  downstream  from  the 
meters. 

The  water  cylinder  could  only  be  charged  by  isolating  it 
and  reducing  its  internal  pressure  to  a tiao spheric.  Distilled  water 
could  then  be  poured  into  the  vessel  through  a  discharge  line  opening, 
normally  sealed  with  a  threaded  plug.  To  refill  the  butane  cylinder 
required  isolating  the  cylinder  and  then  bleeding  off  the  excess 
nitrogen  gas  while  liquid  butane  was  forced  in  from  a  nitrogen- 
pressurized  commercial  cylinder.  The  commercial  cylinder  could  be 
connected  to  an  extension  on  the  discharge  line  of  the  butane  storage 
vessel. 

Direct  flow  from  this  large  butane  storage  vessel  to  the 
process  was  required  only  during  periods  of  preliminary  operation. 


-  24  - 


For  exact  butane  volume  measurement,  an  a,ujd.liar7  low  capacity 
reservoir  was  made  from  standard  2-inch,  iron  pipe.  A  Jerguson  depth 
gauge  was  attached  to  this  smaller  vessel  and  a  Lucite  Scale,  graduated 
in  1/40  inch  divisions,  fitted  over  the  gauge  sight- glass  so  that  the 
change  in  level  could  be  accurately  measured.  After  calibration, 
volume  measurements  accurate  to  2  cc  were  easily  obtained.  This  calibrated 
butane  storage  vessel  was  used  during  the  measured  operating  periods  and 
was  refilled  prior  to  each  run.  The  butane  was  also  pressurized  with 
nitrogen  from  the  previously  mentioned  source. 

Provision  was  made  for  introducing  water  as  a  possible 
reactant  diluent  by  drawing  the  fluid  from  the  water  storage  vessel 
and  metering  it  through  another  rotameter.  However,  because  of  time 
limitations,  the  present  investigations  did  not  include  any  runs  on 
the  effect  of  steam  upon  the  reaction. 

Nitrogen-O:^:ygen  Storage  and  Measurement 

Nitrogen-oxygen  mixtures  of  desired  composition  were  stored 
at  pressures  up  to  2000  p.^g,  in  commercial  gas  cylinders  connected  to 
a  conmion  manifold.  The  mixture  storage  pressure  was  reduced  with  a 
Cash  spring-adjusted  reducing  valve,  controlled  by  its  domstream 
pressure.  At  the  do\m stream  pressure  of  350  psXg,,  this  feed  was 
measured  with  a  rotameter  of  5»5  sfm  capacity  (at  60°F  and  1  atm^ 
and  regulated  -urith  a  needle  valve.  The  lines  from  the  storage  cylinders 
up  to  the  reducing  valve  were  l/4  inch  o.d.  high  pressure  steel  tubing. 
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Nitrogen-Oxygen  Preheater 

The  nitrogen-oxygen  feed  preheater  consisted  of  a  U-shaped 
seven  foot  section  of  standard  l/4-inch  type  304  stainless  steel  pipe, 
five  inches  between  arms.  The  pipe  surface  was  covered  on  the  outside 
vn.th  a  refractory  material,  a  mixture  of  alundum  powder  and  a  concentrated 
aqueous  solution  of  sodium  silicate.  This  paste  was  spread  over  that 
surface  which  would  be  in  contact  with  an  electric  heater.  After 
drying  and  prolonged  heating,  the  refractory  fused  to  a  very  hard 
well-bonded  layer.  Ribbon  type  resistance  windings  were  originally 
applied  but  overheating  caused  several  earlier  failures.  A  single 
wire- type  chromel  element,  spring-wound,  was  wrapped  helically  about 
the  insulating  refractory  and  clamped  to  a  terminal  post  at  each  end 
of  the  pipe.  This  form  of  heater  proved  satisfactory. 

The  entire  unit  was  placed  in  a  mild  steel  casing  filled 
with  an  expanded  mica  insiilation.  The  resistance  of  the  heater 
measured  28  ohms  and  the  energy  input  was  controlled  ^d-th  a  Burrell 
2000  watt  furnace  transformer  capable  of  delivering  from  25  to  195  volts. 
An  ammeter,  mounted  on  the  main  panel,  was  connected  to  this  circuit  and 
two  fuses  protected  the  transformer. 

Butane  Gasifier 

The  butane  gasifier  was  installed  to  vapourize  and  preheat 
the  butane  stream,  facilitating  reaction  feed  temperature  control. 

The  gasifier  shell  was  made  from  a  22  inch  length  of  standard  three- 
inch  iron  pipe.  Threaded  pipe  couplings,  two  inch  and  one  inch 
nominal,  were  welded  to  the  top  and  bottom,  respectively,  of  the  shell. 
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A  1000  -cratt  115  volt  3-position  General  Electric  "Calrod’’ 
heating  element  was  threaded  into  the  bottom  coupling.  Copper  tubing, 

1/4  inch  o.d.  and  I5  it,  long,  was  formed  into  a  2-l/2  inch  diameter 
helical  coil  and  placed  inside  the  shell.  The  ends  were  drawn  out 
through  two  small  drilled  openings  and  these  holes  were  sealed  by 
brazing  the  tubing  to  the  shell  wall.  The  heater  was  positioned  in 
the  center  of  this  coil. 

Three  feet  of  standard  two-inch  iron  pipe  were  fastened  to 
the  shell  at  the  upper  coupling.  The  interior  of  tliis  extension 
contained  5-1/2  ft.  of  l/4-inch  copper  tubing  through  which  cooling 
water  flowed.  A  vent  from  the  head  of  this  condenser  was  made  with 
standard  l/2-inch  iron  pipe. 

The  shell  was  filled  with  liquid  Aroclor  (a  chlorinated 
biphenyl  boiling  in  the  range  675-740°?  and  produced  by  Monsanto 
Chemicals)  which  was  heated  to  boiling  by  the  "Calrod"  heater.  The 
butane  entered  the  helical  coil  through  a  0.008  inch  nozzle  and  was 
vapourized  by  the  boiling  bath.  The  bath  vapours  were  condensed  by 
the  cold  coil  in  the  upper  extension  and  volatile  decomposition  products 
were  vented  to  the  outside.  This  bath  vapourized  all  of  the  liquid 
butane,  and  superheated  the  vapour  up  to  350-500°F  depending  upon  the 
flow  rate. 

Variable  input  Heat  Tracing 

The  streams  of  nitrogen-oxygen  and  butane  were  now  independently 
preheated  but  to  different  temperatures.  The  piping  from  the  preheaters 
to  their  junction  at  the  reactor  inlet  was  heat  traced  to  eliminate  heat 
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losses  and  also  to  provide  more  exact  control  of  the  desired  mixed 
gas  temperature. 

This  piping,  standard  l/4-inch  type  304  stainless  steel, 
was  insulated  ivith  a  thin  layer  of  woven  asbestos.  Refractoiy 
insulation  was  not  used  here  because  periodic  dismantling  of  this  line 
was  required.  A  single  spring-wound  chromel  wire  of  17  ohm  resistance 
was  wrapped  helically  about  the  butane  and  nitrogen-oxygen  piping. 

Above  this,  a  one  inch  layer  of  85  per  cent  magnesia  insulation  was 
applied.  The  energy  input  was  controlled  with  a  Variac  transfoimer 
rated  at  5  amperes,  0-110  volts.  An  ammeter  and  two  fuses  were  connected 
to  this  circuit. 

Reactor 

The  reactor  consisted  of  a  four  inch  diameter  he31.cal  coil 
containing  24  ft.  of  standard  l/4-inch  type  304  stainless  steel  pipe. 

This  coil  was  inserted  into  a  vertical  shell  made  from  standard  six- 
inch  mild  steel  pipe  with  flanged  necks  v/elded  at  each  end.  A  blind 
flange  with  a  single  opening  leading  to  a  drain  valve  was  attached  to 
the  shell  bottom.  The  shell  top  contained  openings  for  the  reactor 
inlet  and  outlet,  four  thermocouple  wells,  and  the  bath  condenser.  All 
openings  but  that  of  the  condenser  were  sealed  with  threaded  glands 
containing  graphite— wire  packing.  The  cutaway  view  in  Figure  7  shows 
the  reactor  assembly  and  its  internal  details.  The  condenser  shell 
was  made  from  standard  two-inch  iron  pipe  and  its  internal  water  cooler 
from  l/4-inch  copper  tubing.  A  vent  line  was  connected  to  the  condenser 
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FIGURE  7 
CUTAWAY  VIEW  OF 
REACTOR  EXPOSING 
COIL, THERMOCOUPLE 
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The  theiTHo couple  wells  were  constructed  from  l/4  inch  o.d. 
stainless  steel  tubing,  sealed  at  one  end  with  silver-soldered  stainless 
steel  plugs.  The  se£iled  tips  were  silver- soldered  into  axial  openings 
in  machined  plug^  e:xtemally  threaded,  so  that  l/2  inch  of  the  well 
protruded  from  the  plug  base.  These  plugs  threaded  tightly  into 
couplings  welded  at  three  equal  intervals  in  the  length  of  the  reactor 
pipe.  The  resultant  thermocouple  wells  extended  nonnal  to  the  flow  in 
the  reactor.  The  open  ends  of  the  wells  protruded  from  the  shell 
top,  the  openings  through  the  shell  top  being  sested  with  the  packing 

i 

glands.  A  fourth  well  extended  directly  from  the  shell  top  into  the 
liquid  bath  filling  the  shell. 

The  inlet  and  outlet  theimo couples  were  inserted  in  co-axial 
wells  in  the  reactor  piping,  six  inches  from  the  feed  junction  and 
six  inches  from  the  outlet  point.  These  wells  were  silver- soldered 
inside  holes  drilled  into  threaded  stainless  steel  pipe  plugs.  Pipe 
crosses  were  connected  to  the  ends  of  the  reactor  pipe  to  provide 
access  for  the  two  axial  thermocouple  wells. 

The  outer  surface  of  the  shell  was  insulated  with  the 
refractory  material  described  earlier  ( see  N2“02  preheater)  and  two 
chromel  ribbon-type  resistance  windings  were  helically  wrapped  side- 
by-side  on  the  insulated  shell  surface.  A  further  layer  of  refractory 
was  placed  over  the  vTindings.  The  entire  reactor  shell  assembly  was 
insulated  with  1— l/2  inch  85  per  cent  magnesia  block  insulation. 

The  two  windings  measured  10.5  and  7.5  oians  resistance. 

The  first  winding  was  connected  directly  to  a  110  volt  energy  source  and 
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was  used  as  an  overload  to  shorten  the  time  required  to  bring  the 
bath  up  to  its  boiling  temperature.  The  energy  input  of  the  second 
winding  was  controlled  with  a  Varisx  transformer  rated  at  10  amperes, . 

0-115  volts.  Both  circuits  included  two  protective  fuses. 

The  shell  was  two-thirds  filled  with  ihroclor  which  immersed 
all  of  the  loops  in  the  reactor  coil.  When  boiling  a.t  constant  temperature, 
this  bath  suppressed  the  reaction  temperature  rise  by  absorbing  the 
exothermic  heat  of  reaction.  Details  regarding  use  of  Aroclor  as  a 
heat  transfer  medium  are  included  in  the  Appendix.  Compressed  air 
and  vacuum  sources  were  also  connected  to  the  head  of  the  bath  condenser 
so  that  the  pressure  of  the  boiling  system  could  be  altered  if  necessary 
to  maintain  a  constant  boiling  point. 

By  removing  the  condenser  from  the  threaded  coupling  at  its 
base,  the  shell  could  be  filled  with  Aroclor.  The  bath  liquid  could  be 
removed  while  hot  by  draining  tlirough  the  valve  at  the  base  of  the  shell. 
Reaction  Quench  and  Product  Absorption 

At  the  reactor  outlet,  a  stream  of  liquid  water  was  int2X)duced 
th-rough  a  0.008  inch  nozzle.  This  mixture  was  cooled  further  by  passing 
down  through  an  annular  water  jacket,  three  feet  long,  attached  to  a 
section  of  the  standard  l/4-inch  stainless  steel  pipe.  The  cooled  mixture 
then  flov/ed  into  a  small  receiver  made  from  a  12  inch  section  of  standard 
three-inch  pipe,  capped  at  the  base  and  flanged  on  top.  This  vessel  was 
temned  ‘'icepot"  because  it  could  be  submerged  in  an  ice  bathj  however 
tliis  additional  cooling  was  found  to  be  unnecessary. 

Following  the  icepot,  a  spring-adjusted  pressure  reduction  valve 
reduced  the  system  pressure  to  atmospheric  pressure.  A  bypass  was 
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connected  from  the  ice-pot  ba.se  to  the  doMistream  reduced  pressure 
line  so  that  the  ice-pot  contents  could  be  quickly  mthdrawn. 

The  cooled  reaction  products  and  inert  gases  at  reduced 
pressure  entered  the  base  of  a  packed  absoi*ption  torrer  where  the 
colublo  oxygenated  products  were  removed  by  solution  in  water. 

Distilled  water  fed  into  the  tower  head  and  the  aqueous  products  were 
withdrawn  into  collection  bottles  from  the  base  of  the  tower.  The 
inert  gases  passed  into  the  vent  line  leaving  the  top  of  the  absolution 
tower. 

The  column  was  made  from  Pyrex  brand  glass  pipe,  three  inch 
i.d.  four  ft.  long,  packed  with  l/4-inch  ceramic  Rascliig  rings. 

Inlet  and  outlet  fittings  were  threaded  into  plates  which  were  held 
in  place  with  conical  flanges  at  each  end  of  the  glass  pipe.  A  pressure 
equalizing  line  was  connected  from  the  column  head  to  the  distilled 
water  storage  bottle.  The  difference  in  elevation  between  bottle  and 
column  provided  the  necessary  head  to  force  the  liquid  tlirough  a  rota¬ 
meter,  a  needle  valve  and  the  distributor  in  the  head  of  the  column. 

Offgas  Measurement 

The  volume  of  offgas  which  was  vented  required  exact  measure¬ 
ment.  This  was  obtained  by  measuring  the  total  volimie  with  an  accurately 
calibrated  displacement  meter  connected  to  the  vent  line.  The  temperature 
of  the  gases  at  meter  conditions  was  obtained  with  a  Weston  dial  type 
thermometer.  The  corresponding  pressure  was  taken  on  a  mercury  manometer 
connected  to  the  absorption  tower  head. 

Spot  and  composite  gas  samples  for  Orsat  analysis  were  taken 
prior  to  the  meter  but  a  larger  sample,  passed  continuously  through 
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an  absorption  train,  was  withdra^m  from  a  point  downstream  from 
the  meter. 

Temperature  Measurement 

All  thermocouples  were  made  with  chromel-alumel  junctions. 

The  important  temperatures  were  recorded  continuously  on  a  Minneapolis- 
Honeywell  8-point  Electronic  Temperature  Recorder  operating  on  a 
four-minute  cycle.  The  following  temperatures  were  recorded:  nitrogen- 
oxygen  preheat,  reactor  inlet  (twice),  6  ft.  in  reactor,  12  ft.  in 
reactor,  IS  ft.  in  reactor,  reactor  outlet  and  reactor  bath.  A  Brown 
indicating  pyrometer  was  fitted  with  a  thermocouple  selector  switch 
so  that  a  temperature  could  be  obtained  at  any  time  of  butane  preheat, 
quenched  offgases  and  nitrogen-oxygen  preheat. 

Materials 

All  piping  from  the  storage  system  to  the  preheaters  consisted 
of  l/4  inch  o.d.  copper  tubing.  From  the  preheaters  th-rough  the 
reaction  system  and  up  to  the  absorption  tower,  type  304  stainless 
steel  piping  was  used  exclusively.  All  threaded  joints  were  sealed 
\7ith  ordinary  pipe-sealing  compound  distributed  by  the  Crane  Company. 
Graphite-base  sealing  compounds  tested  were  found  to  be  unstable  at 
liigh  temperatures  with  consequent  development  of  lealcs.  "Cranite" 
gasket  material  was  satisfactory  for  the  teim  of  service  required  here. 
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Process  Control 


Butane  Feed 

The  regulation  of  the  butane  feed  rate  ijith  a  small  rotameter 
and  needle  valve  was  not  entirely  S8,tisfactors^.  Although  steady  flow 
rate  s  could  be  maintained  over  the  operating  periods,  the  rotameter 
was  not  precise  at  the  low  rates.  The  rotameter  calibration  curve 
supplied  with  the  instrument  was  inaccurate;  consequently  after  each 
run,  new  points  were  plotted  based  on  the  average  volume  flow  per  unit 
time  at  the  particular  float  reading.  In  spite  of  this  precaution,  the 
rotameter  remained  inexact  at  the  lov/er  rates  because  of  poorfLoat 
characteristics.  Finally,  a  test  measurement  of  the  flow  rate  was 
adopted  whereby  the  change  in  depth  of  the  calibrated  butane  reservoir 
was  observed  over  a  timed  interval  preliminaiy  to  the  actual  experimental 
lun. 

The  measured  volumes  were  always  corrected  for  changes  in 
butane  liquid  density  with  temperature  aJTter  measuring  the  reservoir 
surface  temperature  with  a  “Pyrocon"  surface  thermocouple. 

Nitrogen-O:>ygen  Feed 

The  rotameter  and  needle  valve  which  were  used  to  regulate 
the  nitrogen-oxygen  feed  rate  were  quite  satisfactory.  Errors  in  the 
flow  rate  were  caused  by  the  pressure  reduction  valve  which  reduced  the 
storage  cylinder  pressure  to  the  constant  pressure  required  for  flow 
measurement.  This  valve  was  designed  to  maintain  a  constant  downstream 
pressure  but  in  practice,  the  downstream  pressure  was  found  to  increase 
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when  the'  storage  cylinder  pressure  decreased.  During  the  test  run, 
this  resulted  in  an  increasing  flew  rate.  To  eliminate  this,  the 
offgas  meter  flow  was  measured  early  in  the  nui  and  the  rotameter  was  • 
adjusted  at  intervals  to  maintain  this  initiaJL  rate. 

Feed  Temperature 

The  two  preheaters  alone  would  not  give  a  stea,dy  rea.ctor 
feed  temperature  due  to  the  heat  losses  from  the  piping  between  the 
preheaters  and  the  reactor  inlet. 

Insulation  of  the  line  was  not  satisfactory  because  the 
large  heat  capacities  of  the  two  preheaters  resulted  in  a  considerable 
lag  before  any  preheat  adjustment  could  be  felt.  A  small  electrical 
winding  was  wrapped  around  this  line,  insulated  and  controlled  with  a 
BroTrti  temperature  indicator-controller  but  this  setup  caused  a  cycling 
in  the  preheat  temperature  which  in  turn  caused  a  cycling  in  the  reaction 
temperatures.  Manual  control  of  the  variable  input  heat  tracing,  des¬ 
cribed  earlier,  alone  was  found  to  be  satisfactory. 

Continuous  temperature  readings  at  the  reactor  inlet  thermo¬ 
couple  were  taken  with  a  Leeds-Northrup  potentiometer  and  any  trends 
leading  to  a  change  in  this  temperature  were  anticipated  and  corrected 
by  adjusting  the  heat  tracing  transformer.  This  procedure  worked  satis¬ 
factorily  but  required  continuous  vigilance  from  the  operator. 

Reaction  Temperature 

The  highest  temperature  recorded  on  any  of  the  reactor  thermo¬ 
couples  indicated  the  approximate  position  and  exrtent  of  the  temperature 
peak.  The  temperature  distribution  in  the  reaction  zone  was  a  function 
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of  reaction  conditions,  gas  composition  and  reactor  design,  and 
hence  could  not  be  controlled  independently. 

Reaction  Pressure 

The  reaction  pressure  wa.s  uniform  during  the  majority  of  runs. 

It  the  latter  stages  of  operation,  the  pressure  reduction  valve  after 
the  product  quench  and  cooling  caused  variations  in  the  reaction  pressure 
up  to  five  ps^A*  To  offset  these  changes,  further  vigilance  and 
necessary  adjustment  of  the  valve  spring  was  required. 

Bath  Temperature 

Yifith  no  exceptions,  the  bath  temperatures  were  steady  over 
p1  1  operating  periods.  The  bath  temperatures  of  successive  tests 
would  increase  slightly  because  of  Aroclor  decomposition;  however 
the  Aroclor  boiling  point  was  corrected  by  varying  the  bath  pressure. 
Nearly  all  of  the  runs  were  taken  rithin  a  bath  temperature  range  of 
10  Fahrenheit  degrees. 


Analytical  Eouinment  and  Procedures 


Orsat  Gas  Analyzer 

After  passage  through  the  water  absorption  tower,  the  offgas 
contained  carbon  dioxide,  carbon  monoxide,  oxygen,  unreacted  hydro¬ 
carbons,  nitrogen  and  traces  of  other  gases,  such  as  unabsorbed  products, 
A  standard  Orsat  containing  liquid  absorbents  for  carbon  dioxide,  un¬ 
saturated  hydrocarbons  and  oxygen  and  pipettes  for  both  catalytic  and 
slow  combustion  of  carbon  monoxide,  hydrogen  and  saturated  hydrocarbons 
did  not  give  satisfactory  analyses.  The  total  volume  of  measurable 
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gases  varied  from  2  to  6  per  cent  and  at  these  lot?  concentre.tions^ 
complete  combustion  was  not  easy  to  obtain  and  hence  difficult  to 
reproduce.  The  presence  of  higher  saturated  hydrocaa’bons  interfered 
with  absorption  of  un saturated  hydrocarbons  in  fuming  sulfuric  acid, 

Som.e  hydrocarbon  cracking  or  oxidation  was  found  to  occur  when  deteimining 
carbon  monoxide  by  oxidation  with  a  copper  oxide  catalyst  at  290-300°C. 

For  these  reasons  and  also  because  of  the  time  required  for  a  complete 
analysis,  the  gas  analyzer  was  modified  so  that  rapid  yet  exact 
determinations  could  be  made. 

A  Burrell  cabinet-model  gas  analyser  ?/as  fitted  with  four 
absorption  pipettes  and  a  tapering  volumetric  burette.  By  measuring 
volumes  in  this  burette  over  mercury  and  with  an  attached  mercury 
compensating  manometer,  gas  analyses  could  be  measured  to  0.02  per  cent 
in  the  range  0-6  per  cent.  In  the  range,  6  to  22  per  cent,  the  accuracy 
was  0.05  per  cent.  These  figures  were  reproducible  on  the  modified  Orsat. 

Carbon  dioxide,  unsaturated  lydro carbons,  oxygen  and  carbon 
monoxide  were  measured  in  the  offgas  in  the  indicated  sequence.  Liquid 
absorbents  were  used  in  obtaining  rapid  analyses  and  v/ith  the  exception 
of  potassium  lydroxide  (for  carbon  dioxide)  were  purchased  in  ready-to- 
use  foim  from  the  Burrell  Company.  The  above  sequence  with  the  potassium 
hydro:>ide,  Lusorbent,  Oxsorbent  and  Cosorbent,  absorbents,  gave  rapid 
and  specific  results  (IS) . 

Composite  gas  Sample 

A  continuous  sample  of  scrubbed  offgas  Vi?as  vhLthdra¥/n  from  the 
absorption  tower  ga.s  outlet  and  stored  over  a  non— absorbing  liquid  in 
a  bottle.  Analysis  of  tliis  sample  served  as  a  check  on  routine  offgas 
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analyses  for  the  particular  operating  conditions.  Because  both 
process  floiirs  and  sampling  rate  were  constant,  this  analysis  gave  a 
true  average  offgas  composition. 

A  nearli'’  saturated  solution  of  sodium  chloride  in  water, 
containing  one  per  cent  hydrochloric  acid  and  coloured  with  methyl 
orange  indicator,  was  used  as  the  confining  liquid.  No  absorption  of 
oxygen,  carbon  monoxide  or  hydrocarbons  could  be  detected.  However  the 
carbon  dioxide  concentration  always  decreased  slightly  and  unless  very 
careful  precautions  were  observed,  the  oxygen  content  of  the  sample 
tended  to  be  high. 

Continuous  Gas  Absorption  Train 

To  complete  the  offgas  analysis,  the  determination  of  unreacted 
hydrocarbons  was  required.  Immediately  after  the  offgas  meter,  a 
continuous  sample  of  offgas  was  drawn  through  an  absorption  system  in 
which  the  lydrocarbons  were  oxidized  over  a  copper  oxide  catalyst  to 
carbon  dioxide  and  recovered  in  a  potassium  hydroxide  gas  bubbler. 

Figure  8  shows  the  absorption  train  and  oxidation  furnace. 

The  sample  was  first  passed  consecutively  through  100  ml.  of  both 
distilled  water  and  2,  4-dinitrophenylhydrazine  solution  in  fritted  glass 
bubblers  for  determination  of  unabsorbed  aldehydes  (see  Appendix).  A 
third  bubbler  containing  100  ml.  of  3N  KOH  removed  COp  after  which  an 
entrainment  trap  was  placed.  The  volume  of  the  sample  was  now  measured 
with  an  accurately  calibrated  water-filled  wet  test  meter.  The  distilled 
water  and  acidic  phenylhydrazine  apparently  absorbed  insignificant 
quantities  of  CO2  because  the  KOH  bubbler  value  for  CO2  checked  with 
the  value  obtained  from  the  Orsat  analysis  of  offgas. 
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Figure  8* 
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The  specially  prepared  copper  oxide  catalyst  (see  Appendix 
or  reference  21)  was  packed  in  pellet  foim  within  a  Vitreolite  tube, 
one  inch  i.d.  and  two  ft.  long.  The  tube  was  vertically  held  within  . 
a  Burrell  high  temperature  fujmace  rated  at  1,25  kva.  The  temperature 
of  the  fiimace  was  controlled  with  a  10  amperes  0-115  volt  Variac 
transfonaer  and  could  be  measured  with  an  iron- cons  tan  tan  thermocouple 
placed  in  a  Vitreolite  thermocouple  well,  l/4  inch  o.d.  This  well  was 
inserted  upwards  into  the  center  of  the  furnace  tube;  however,  it  was 
not  used  once  the  corresponding  furnace  temperature-indicator  reading 
was  determined.  Oxidation  of  lydrocarbons  was  performed  at  700*^0  and 
catalyst  re-oxidation  with  air  at  400^0 , 

After  the  oxidation  of  the  hydrocarbons  and  carbon  monoxide 
was  completed,  the  C02  produced  was  absorbed  in  100  ml.  of  3N  KOH  in 
another  fritted  glass  bubbler  placed  after  the  furnace.  A  trap  was 
placed  downstream  from  thisbubbler  and  a  vacuum  source  was  connected  to 
the  end  of  the  train.  Vacuum  was  required  to  maintain  passage  of  the 
sample  through  the  train  because  of  the  pressure  drop  across  the  four 
fritted  glass  bubblers.  The  vacuum  source  could  be  adjusted  to  any 
desired  pressure  differential  and  tlie  flow  regulated  with  a  small 
Hoke  rotameter  of  one  liter  pm  capacity. 

When  sampling  was  discontinued,  nitrogen  was  used  to  flush 
all  of  the  measured  sample  tlirough  the  furnace  and  final  bubbler. 

Blank  runs  made  vd-th  nitrogen  shov/ed  that  no  errors  resulted  from  its 
use.  Tests  made  with  two  KOH  bubblers  in  series  indicated  complete 
CO2  absorption  in  the  first  bubbler. 
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Any  hydiBzone  precipitated  in  the  combined  2,  4-dinitro- 
phenylhydrazine  end  ivater  bubblers  "was  determined  gravlme tri cally. 

The  precipitate  was  filtered  out,  washed  with  a  smeXL  volume  of  water' 
and  then  air-dried  prior  to  weighing.  This  weight  of  phenylhydrazone 
was  taken  to  correspond  directly  to  weight  of  acetaldehyde  on  a  mole 
basis,  i.e. 

CH3CHO  +  H2N.m.C6H5 — ►  CH3CHN.M.C£^3i  +  H2O 

The  KOH  solution  and  distilled  water  used  in  v/as'ning  the 
bubbler  were  transferred  to  a  graduated  cylinder  for  measurement  of 
the  total  volume.  Aliquot  portions  of  this  volume,  usually  25  ml*#  were 
titrated  with  standardized  HCl  using  a  mixed  and  methyl  orange  indicators 
(see  Appendix).  This  procedure  involved  neutralisation  of  the  excess 
KOH  with  approzLmately  3N  HCl,  to  nearly  the  mixed  indicator  endpoint, 
and  then  titration  to  the  mixed  indicator  yellow  colour  with  standardized 
N/10  HCl.  This  endpoint  gave  the  pH  coi*re spending  to  foimation  of 
NaHC03.  Then,  by  adding  methyl  orange  indicator  and  completing  the 
titration  v/ith  the  N/10  HCl  to  the  first  trace  of  orange  colour,  the 
CO2  could  be  deteimined  on  a  direct  mole  basis,  i.e. 

NaHC03  -f  HCl - NaCl  ♦  COo'^  +  H2O 

Ultimate  Carbon  Analysis 

A  special  technique  (27)  whereby  carbon  content  of  volatile 
organic  licuids  could  be  obtained  in  a  standard  ultimate  carbon  apparatus 
was  originally  applied  (see  Appendix).  In  spite  of  exact  duplication 
in  repeat  analyses  with  this  method,  the  results  were  later  found  to 
disagree  with  the  carbon  contents  calculated  from  mass  spectrometer 
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analyses  of  the  same  solutions.  Ultimate  carbon  content  ims  accepted 
on  the  mass  spectrometer  basis. 

Operation  of  Equipment 

A  brief  outline  of  the  procedure  foUo-Ered  in  obtaining  the 
experimental  data  at  one  set  of  reaction  conditions  is  presented  in 
this  section.  A  detailed  step-by-step  procedure  is  appended  to  the 
report. 

For  each  run,  the  oxygen  content  of  the  nitrogen-oxygen 
feed  was  determined  with  the  Orsat.  Knowing  this  value  and  the 
desired  butane-oxygen  ratio,  the  feed  rates  could  be  calculated  which 
v/ould  give  the  desired  feed  space  velocity  at  the  particular  reaction 
pressure.  The  contraction  or  expansion  in  the  volume  of  feed  gas 
caused  by  the  reaction  was  never  large  so  that  the  expected  offgas 
rate  at  offgas  meter  conditions  could  also  be  estimated. 

Experimental  data  was  taken  during  periods  of  constant  or 
nearly- constant  offgas  composition.  This  composition  in  some  cases 
was  found  to  vary  slightly  because  of  the  sensitive  nature  of  the 
reaction  and/or  defects  in  the  control  equipment  which  have  already 
been  mentioned.  The  measured  period  of  operation  was  usually  commenced 
when  a  uniform  reactor  temperature  profile  was  being  recorded.  All 
necessary  data  were  recorded  during  this  period  and  care  was  taken  to 

maintain  steady  state  operation. 

The  continuous  offgas  absorption  train  which  reqiiired  a  short 
initial  period  of  supervision  v/as  started  a  few  minutes  in  advance. 
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Daring  this  period,  the  absorption  tower  and  ice-pot  were  drained  of 
any  residuaJ.  product  solution.  Upon  conunencing  the  timed  interval., 
the  calibrated  butane  reservoir  and  offgas  meter  readings  were 
recorded.  Following  this,  the  abso]:ption  column  product  solution 
drain  was  switched  to  an  empty  collection  bottle  and  the  composite  gas 
sample  flow  initiated.  This  equipment  once  started  required  little 
supervision. 

The  offgas  was  sampled  and  analyzed  by  Orsat  three  times 
during  the  period  of  operation,  usually  one  hjour. 

The  reactor  inlet  temperature  was  held  equal  to  the  reactor 
bath  temperature  by  measuring  it  repeatedly  with  the  potentiometer  and 
adjusting,  if  necessary,  the  variable  input  heat  tracing  transformer. 

The  offgas  meter  discb.arge  rate  was  timed  at  intervals  ?7ith 
another  stopwatch  and  the  nitrogen-o:zygen  feed  was  returned  to  the 
initial  rate  when  a  change  in  offgas  flow  was  noted. 

The  pressure  reduction  valve  upstream  from  the  absorption 
tower  was  re-adjusted  if  the  reaction  pressure  varied. 

All  conditions  of  gas  volume  measurement  were  checked  at 
intervals  and  recorded. 

At  the  conclusion  of  the  operating  period,  all  sampling 
was  stopped  and  the  final  volume  of  the  offgas  absorption  train  sample 
was  noted.  This  train  was  then  purged  with  nitrogen  to  force  all  of 
the  measured  sample  through  the  combustion  furnace.  These  steps  and 
drainage  of  the  ice-pot  and  absorption  tower  were  perfoimed  prior  to 
taking  the  final  stopwatch  reading.  When  tliis  reading  was  taken,  the 
final  offgas  meter  and  butane  reservoir  readings  were  recorded. 
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The  product  collection  bottle  was  disconnected  and  sealed  for 
storage. 

The  composite  gas  sample  was  analyzed  with  the  Orsat 
as  early  as  possible.  The  KOH  solutions  from  the  CO2  bubblers 
were  titrated  and  aldehydes  in  the  offgas  deteimined  gravimetrically 
when  convenient. 
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EZPERIMEMTiiL  RESULTS 


Scope  of  the  Investigation 

The  experiments  were  designed  to  explore  the  effects  of 
pressure,  reaction  time  and  feed  composition,  at  a  fixed  initiation 
temperature,  upon  the  partial  oxidation  of  butane.  The  scope  of  the 
v7ork  ivas  restricted  by  the  equipment  limitations,  viz.  mapdmum  pressure 
of  200  reaction  times  of  0.8  to  4.5  sec.  and  non-inflammable 

feed  compositions.  Inflammability  limits  for  butane-oxygen-nitrogen 
mi^rtures  (9)  could  not  be  accurately  calculated  but  concentrations  of 
oxygen  belov/  six  per  cent  would  certainly  be  below  the  lower  limit 
for  oxygen.  Low  oxygen  concentrations  would  also  facilitate  the 
temperature  control  of  the  single-pass  reaction.  Prelimina-ry  work  by 
Duthie  (10)  involved  a  two  to  one  oxygen  to  butane  feed  ratio  - 
six  per  cent  o>ygen  and  three  per  cent  butane  -  and  this  mixture  was 
found  to  be  very  reactive.  Faith  (14)  indicates  that  at  23  atm., 
commercial  oxidations  of  butane  are  performed  with  a  140  to  1  ratio  of 
inerts  to  butane  and  air  to  butane  ratio  of  0.10  to  1.  To  produce 
nitrogen-oxygen  mixtures  in  this  laboratory,  nitrogen  could  not  be 
purchased  locally  with  less  tlian  1.5  per  cent  oxygen  impurity  and 
further  purification  T/as  difficult.  It  was  therefore  decided  to 
work  T,vith  both  oxygen  and  butane  concentrations  in  the  range,  1.5  to 
6  per  cent.  Nitrogen  was  alvra.ys  used  as  the  inert  gas. 


-  45  - 


To  determine  the  effect  of  feed  composition,  a  pressure  of 
100  p^Aa,  and  reaction  time  of  3.0  sec.  were  selected  because  pre¬ 
liminary  work  had  indicated  that  these  concentrations  were  in  the 
region  suitable  for  good  liquid  product  yields.  Either  oxj^gen  or 
butane,  in  turn,  was  held  at  three  per  cent  and  the  other  component  was 
varied  from  1.5  to  6  per  cent.  A  further  series  of  tests  was  made  with 
a  butane  to  oxygen  ratio  of  one  to  one  but  varying  the  butane  (and 
oxygen)  concentration  from  1.5  to  6  per  cent  to  study  the  effect  of 
total  reactant  concentration  upon  the  reaction. 

With  butane  to  oicygen  ratio  of  one  to  one  and  a  reaction  time 
of  3.0  sec.,  the  pressure  was  varied  from  50  to  175  ps4.a.  Eor  the 
same  feed  composition  but  pressure  fixed  at  100  p.siao  'the  reaction 
time  was  vaided  from  0.8  to  4.5  sec. 

Definitions 

Frequent  use  of  certain  terns  has  been  and  will  be  made  in 
tliis  report.  To  avoid  ambiguity  in  inteipretation,  the  applicable 
definitions  of  these  terms  are  included: 

Space  velocity  is  the  ratio  of  volume  of  feed  gases  per 
unit  time  at  NTP  to  the  volume  of  the  reactor  and  has  the  dimension 
of  reciprocal,  hours. 

Reaction  time  implies  the  period  of  time  in  seconds  during 
which  the  reactants  and  products  are  exposed  to  the  reaction  conditions. 
This  calculated  value  is  approximate  because  it  was  based  on  the  offgas 
flow  rate  but  contraction  or  esqjansion  of  the  feed  gas  ?/as  always  very 
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slight.  The  reaction  peak  for  3»0  sec.  always  occiirred  early  in  the 
reactor  so  that  the  offgas  volume  is  the  better  value  on  which  to  base 
reaction  time.  One  indeterminate  error  arises  from  the  expansion  of  the 
gases  caused  by  the  heat  of  reaction.  This  results  in  an  increased  gas 
velocity  and  shorter  reaction  time  but  does  not  introduce  more  than 
five  per  cent  error  in  the  calculated  reaction  time.  In  most  cases, 
a  contraction  of  the  feed  volume  occurred  during  the  reaction  and  this 
would  tend  to  compensate  for  some  of  this  error. 

Reaction  temperature  refers  to  the  temperature  of  the  reactants 
and/or  products  while  in  the  reactor  and  was  found  to  vary  during  the 
course  of  the  reaction.  The  reactor  temperature  profile  maps  this 
temperature  relative  to  its  position  r/ithin  the  reactor. 

Reaction  initiating  temperature  is  adjusted  to  be  equal  to 
the  temperature  of  the  bath  in  the  reactor  shell. 

Reaction  yields  are  calculated  as  gm-mol  of  a  panticular 
compound  produced  per  100  gm— mol  of  feed.  The  feed  composition  is 
subject  to  variation. 

Carbon  conversion  is  the  percentage  of  the  total  number  of 
gm— atoms  of  carbon  in  the  feed  which  is  converted  to  a  particular 
compound  or  gToup  of  compounds. 

Selectivity  of  the  reaction  may  be  regarded  as  the  reaction 
efficiency.  The  "reaction"  stated  here  implies  production  of  oxygenated 
carbon  compounds  and  the  teim  refers  to  the  percentage  of  the  total 
gm-atoms  of  carbon  in  these  compounds  which  is  contained  in  a  particular 
compound  or  group  of  compounds. 
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Unreacted  saturated  h^^Mrocarbons  are  assumed  to  be  nomal 
butane  for  establishing  the  overa3.1  carbon  balance. 

Unreacted  unsaturated  h^/dro carbons  are  assumed  to  be  ethylene 
for  establish-ing  the  overall  carbon  balance.  Data  on  the  pyrolysis  of 
normal  butane  at  the  bath  tempera- ture  (l6)  indicate  that  ethylene 
is  more  likely  to  be  the  main  olefin  produced  rather  thnn  propylene 
or  butylene. 

Heat  of  reaction  for  the  particular  operating  conditions  of 
each  run  Yfas  calculated  from  an  enthaipy  balance  on  the  gases 
passing  through  the  reactor. 

Induction  period  of  the  reaction  was  inteipreted  as  the  time 
elapsing  between  the  junction  of  the  butane  and  nitrogen-oxygen  streams 
at  the  reactor  inlet  and  the  first  appearance  vdthin  the  reactor  of  a 
temperature  greater  than  tliat  of  the  bath. 

Useful  products  is  a  collective  term  referring  to  the  oxygenated 
organic  compounds  which  were  reported  in  the  aqueous  product  solutions. 

Applicability  of  the  Data 

The  reaction  data  obtained  for  some  of  the  runs  are  not 
entirely  satisfactory.  In  spite  of  the  rather  detailed  precautions  to 
ensure  the  desired  feed  composition,  feed  rate,  inlet  temperature  and 
reaction  pressure,  variation  in  the  offgas  analysis  vt3.s  noted  for  some 
of  tlie  runs.  For  the  reaction  times  of  3»0  sec.,  slight  changes  in 
tliis  variable  are  of  little  consequence  because  of  the  neai^completion 
of  the  reaction  in  the  first  half  of  the  reactor. 

For  each  trial,  certain  measurements  are  believed  to  be  accurate. 
These  independent  measurements  comprised:  volume  of  butane  introduced  to 

in  the  nitrogen-oxygen  mixrture,  total 


the  reactor,  per  cent  oxygen 
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volume  of  offgas,  length  of  the  test  run  and  offgas  and  product 
solution  analyses. 

Reliable  individuaJ.  gas  analyses  were  obtained  with  the 
modified  Orsat  providing  proper  techniques  were  employed.  Agreement 
between  the  composite  sample  analysis  and  an  integrated  average  of  the 
spot  sample  analyses  usually  was  quite  good  with  the  exception  of 
oxygen  content.  Educh  of  the  error  in  oxygen  balances  may  be  traced  to 
slight  composite  sample  contamination  with  air  when  transferring  the 
sample  from  the  bottle  to  the  Orsat  burette.  The  introduction  of  a 
few  cc.  of  air  would  not  affect  the  analyses  of  offgas  constituents 
other  than  oxygen.  The  Orsat  COp  results  also  checked  with  the  COp 
content  reported  in  the  offgas  absorption  train. 

The  titration  of  the  KOH  bubblers  for  determination  of  unreacted 
hydrocarbons  and  CO  required  an  exact  interpretation  of  the  endpoint. 

The  offgas  and  wet  test  meters  were  calibra.ted  exactly  and  care  was 
exercised  in  maintaining  unifoim  sampling  conditions  to  eliminate 
error  in  the  miiLtiplying  factor.  Earlier  in  this  work  ultimate  carbon 
analysis  of  the  liquid  products  was  adopted  in  order  to  establish  the 
carbon  balance.  These  balances  were  found  to  be  5  to  10  per  cent  low 
and  an  erroneous  mixed  indicator  endpoint  wa-S  suspected.  Accordingly, 
the  titrations  were  adjusted  to  the  mixed  indicator  colour  just  prior 
to  the  true  endpoint  and  satifactory  carbon  balances  were  obtained. 

This  misconception  resulted  from  the  belief  that  the  NaHCOo  endpoint 
occurred  at  a  pH  of  8.3  rather  than  8.4  (mixed  indicator;  endpoint  is 
8.4).  In  the  later  stages  of  this  work,  when  the  mass  spectrometer 
analyses  v/ere  received,  the  ultimate  carbon  analyses  accepted  earlier 
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were  shoTWi  to  be  low*  Because  product  and  offgas  analyses  are 
believed  accurate,  all  carbon  balances  have  been  adjusted  equal  to  the 
carbon  in  the  measured  butane  feed.  The  error  has  been  taken  up  by  the 
unreacted  lydro  carbon  analyses  which  are  known  to  be  high. 

The  carbon  content  of  the  solutions  was  calculated  from  the 
iii-ass  spectrometer  analyses.  The  identification  of  compounds  with 
the  mass  spectrometer  may  be  taken  as  reliable  (29) .  Alcohols  are 
identified  positively  but  aldehydes  may  be  subject  to  some  error. 

For  instance,  the  identification  of  acetaldehyde  could  result  from  a 
combination  of  several  possible  constituents  -  carbon  dioi-iLde,  ethylene 
oxide  or  acetal.  Carbon  dioxide  dissolved  in  the  solutions  should  be 
negligible  relative  to  the  quantities  of  acetaldehyde  reported.  Ethylene 
oxide  will  introduce  no  error  because  its  molecular  weight  and  atomic 
constituents  are  identical  to  those  of  acetaldehyde.  In  any  case, 
it  is  reported  as  a  trace  constituent  in  commercial  propane  and  butane 
oxidation.  The  presence  of  acetal  is  indeterminate  at  present  but 
its  fo  mat  ion  usually  requires  an  acidic  solution  and  heat.  The 
dilute  aqueous  solution  should  also  minimize  the  chance  of  its  formation; 
hence  it  was  assumed  absent. 

Practically  all  aldehydes  end  acids  have  a  pealc  in  common  with 
that  identified  as  formic  acid.  Most  of  these  compounds  have  higher 
molecular  weights  than  that  predicted  by  the  analyst  so  that  fomic 
acid  appeared  the  most  likely  suspect.  Although  fomialdehyde  is 
commonly  reported  as  a  product  of  hydrocarbon  oxidations,  it  could 
not  be  easily  mistaken  for  one  of  the  other  major  components  reported. 

It  could  be  present  as  a  trace  constituent  but  the  solutions  analyzed 
v/ere  too  dilute  for  positive  detection. 
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Compounds  reported  as  useful  products  were  methanol, 
ethanol,  acetaldehyde,  a,cetone  and  formic  acid.  Methanol  and  8,cetal- 
dehyde  are  reported  in  large  quantities  but  the  minor  products’  quanti¬ 
tative  determination  may  not  be  too  accurate  beca.use  the  water  content 
of  the  samples  was  usually  higher  than  99  mol  per  cent.  Concentrations 
of  these  compounds  were  reported  in  the  range  0.05  to  0.10  mol  per 
cent  and  their  analyses  were  adjusted  slightly  for  the  total  to  equal 
100  mol  per  cent. 


Treatment  of  Data 

Results  of  all  calculations  are  presented  in  tabulated 
form  for  the  five  series  of  investigations;  effects  of  pressure, 
reaction  time,  butane,  oxygen  and  concentration.  A  representative 
treatment  of  the  exp  eric:  ental  data  procured  in  a  single  lun  is  appended 
to  the  report. 

To  facilitate  the  chemical  inteipretation  of  the  reaction, 
graphs  were  plotted  for  each  series.  The  process  variable,  pressure, 
etc.,  under  e^ramination  was  always  plotted  as  the  abscissa  and  the 
corresponding  change  in  a  particular  property  ivas  plotted  as  the 
ordinate.  The  folloviring  experimental  data  were  plotted  directly: 
offgas  composition,  individual  useful  product  yields  and  carbon  dioxide 
and  carbon  monoxide  yields.  Best-fitting  curves  were  shown  on  the 
above  plots.  To  obtain  the  best- fitting  yield  curve  for  total  useful 
products,  the  ordinates  were  obtained  from  the  cumulative  values  of  the 
individual  useful  product  yields.  Corrected  yields  were  now  available 
for  CO2,  CO  and  total  useful  products  at  any  value  of  the  variable 
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imder  consideration.  From  these  corrected  yields,  the  carbon 
conversion  and  selectivity  of  reaction  were  calculated  and  plotted. 

It  T;as  considered  better  to  obtain  the  d8.ta  for  these  graphs  from  the. 
smooth  curves  rather  than  from  the  original  data. 

In  using  the  recorded  temperatures  (see  Figure  9)  obtained 
for  the  reactor  temperature  profile,  an  attempt  was  made  to  correct 
the  recorded  temperatures  for  error  caused  by  heat  losses  from  the 
well  through  conduction  and  radiation.  The  derivation  of  the  correction 
factor  is  shown  in  the  appendix.  Corrected  temperature  profiles 
were  plotted  for  each  series  of  rons. 

The  tabulated  experimental  results  are  shown  in  Tables  1 


to  5. 
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Table  1 

Effect  of  Pressure 


Eim  No. 

A-1 

4-A  12-A  9-A  10-A  11-A 

Duration  (min)  Start  up 

68.0 

57.6 

50.4 

39.9 

43.3 

Gm-mol  offgas  (dry) 

- 

62.4 

71.4 

78.1 

71.9 

92.2 

dn-mol  feed  gas  (dry) 

— 

63.0 

71.7 

79.2 

73.0 

93.6 

Inlet  temperature  (^F) 

726.5 

726.5 

726 

724 

726.5 

724 

Bath  temperature  (®F) 

727 

727 

723.5 

723  ' 

723 

723.5 

Reactor  pressure  (psi^aj 

50 

75 

100 

125 

150 

175 

NominaJL  reaction  time  ( 

sec*)  3.0 

2.9 

3.0 

3.0 

2.9 

3.1 

Space  Velocity  (hr.  ) 

- 

2540  3410  4310  5010  5820 

Feed  Rate  (Gm-mol/hi;) 

- 

55.6 

74.7 

94.5 

no 

130 

Feed  gas  (mol  %  dry) 

N2 

94.00 

94.02 

94.34 

93.92 

94.00 

94.03 

Oo 

3.00 

2.98 

3.02 

3.00 

3.00 

3.00 

3.00 

3.00 

2.64 

3.08 

3.00 

2.97 

Offgas  (mol  %  dry) 

C0-, 

nil 

0.52 

0.64 

0.62 

0.63 

0.58 

co"" 

nil 

0.45 

0.70 

0189 

1.07 

1.32 

3.00 

1.97 

1.54 

0.78 

0.24 

0.05 

Un saturates 

nil 

0.35 

0.44 

0.48 

0.52 

0.61 

/  o 

Adjusted  Carbon  balance  (gm-s^s 

C)  — based  on  duration  of  run 

C  in 

7.58 

7.56 

9.76 

8.76 

n.i2 

C  out  as  CO^ 

0.32 

0.45 

0.49 

0.45 

0.54 

as  CO 

0.29 

0.50 

0.69 

0.77 

1.22 

as  U.H.C. 

4.36^ 

5.90 

7.33 

6.65 

8.21 

as  U.  Products 

2.61 

0171 

1.25 

0.89 

1.15 

Total  out 

CO 

. 

■gTTT 

8.76 

1112 

Ratio  of  Carbon  out  to 

Carbon  in 

1.23 

1.05 

0.96 

0.96 

0.97 

On  basis  of  100  gm-mol  feed 

Yield  (gn-mol/lOO gm-mol} 

COo 

0.51 

0.64 

0.61 

0.62 

0.57 

CO 

0.46 

0.70 

0.88 

1.05 

1.30 

Methanol 

0.877 

0.175 

0.404 

0.404 

0.338 

Ethanol 

0.303 

0.066 

0.086 

0.073 

0.079 

Acetaldehyde 

1.25 

0.190 

0.326 

0.172 

0.223 

Acetone 

- 

0.066 

0.086 

0.073 

0.079 

Fomic  Acid 

Total  Useful  Proch 

0.087 

— 

0.110 

0.079 

icts 

2.43 

0.58 

0.90 

0.83 

0.80 
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Table  1  (continued) 


O^gen  balance  (  to  determine  H2) -gm-mol  O2 


O2  in 

Op  out 

Difference 

Difference  as  gffl-inol  water 

2.98 

^.92 

3.02 

2.85 

-0.17 

0.34 

3.00 
2.36 
—0. 64 
1.28 

3.00 

1.85 

-1.15 

2.30 

3.00 

1.71 

-1.29 

2.58 

Hydrogen  balance  ( check) -gro-rnol 

H2  in 

HU  out 

Difference 

15.00 

-1.29 

13.20 

11.63 

-1.57 

15.40 

14.65 

-0.75 

15.00 

-0.09 

14.85 

14.91 

-0.06 

Per  cent  0^  reacted 

34.6 

49.4 

74.4 

92.0 

98.3 

of  reaction  (  Kcal/lOO  gm-mol)  ^ 

-117.9 

-99.5 

-166.5  - 

-220.5 

-221.3 

^Mass  spectrograph  analysis  inexplicably  high.  This  value  affects 
the  reported  unreacted  hydrocarbons,  the  balances  and  lastly,  the  heat 
of  reaction. 
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Table  2 


Effect  of  Eeaction  Time 


Run  No. 

B-4 

12-A 

8-A 

Dura.tion  (min.)  Start  up  only 

44.8 

69.1 

57.6 

54.6 

Gffl-mol  offgas  (dry) 

- 

141.0 

172.8 

71.4 

43.1 

dn-mol  feed  gas  (dry) 

— 

ia.4 

172.4 

71.7 

43.6 

Inlet  temperature  (*F) 

723 

723 

729 

726 

726 

Bath  temper- ture  (*F) 

723 

723 

726 

723.5 

724 

Reactor  Pressure  (p,sjL£.) 

100 

100 

100 

100 

100 

Nominal  reaction  tiipe  ( 

G©jC^ 

.0  1.2 

1.4 

3.0 

4.5 

Space  velocity  (hrr-) 

- 

S610  6840 

3401 

2190 

Feed  rate  (gn-mol/hr) 

— 

189 

150 

74.7 

47.9 

Feed  gas  (mol  %  dry) 

94.00 

93.98 

93.89 

94.34 

93.62 

3.00 

3.10 

2.91 

3.02 

3.02 

3.00 

2.92 

3.20 

2.64 

3.36 

Offgas  (md/o  dry) 

0.64 

0 ,66 

CO 

traces 

0.12 

0.32 

ccr 

traces 

0.20 

0.57 

0.70 

C/.S3 

Un saturates 

»  3.00 

2.69' 

2.49' 

1.54 

1.18 

uil 

0.14 

0.27 

0.44 

0.38 

Adjusted  Carbon  balance  (gm-atom  C) 
C  in 

C  out  as  C0„ 

as  ccr 

as  U.H.G, 

as  Useful  Products 
Total  out 

Ratio  of  Caxbon  out  to  Carbon  in 

On  basis  of  100  gm-inol  feed 

Yield  (^-mol/lOO  gm-mol) 

COp 

CO 

Methanol 

Ethanol 

Acetaldehcyde 

Acetone 

Formic  Acid 

Total  Useful  Products 


-based  on  duration  of  run 


16.48 

22.08 

7.56 

to 

to 

• 

0.17 

0.55 

0.45 

0.28 

0.28 

0.99 

0.50 

0.36 

14.93 

19.40 

5.90 

4.62 

I.IC 

1.14 

0.71 

0.62 

16.48 

22.08 

7.56 

5.88 

0.77 

0.92 

1.05 

l.CO 

0.12 

0.32 

0.64 

0.65 

0.20 

0.57 

0.70 

0.82 

0.136 

0.303 

0.175 

0.253 

0.062 

0.053 

0.066 

0.3-27 

0.260 

0.053’*’' 

0.190 

0.203 

0.036 

0.066 

0.127 

- 

0.036 

0.087 

0.127 

0T46 

0.48 

0.58"” 

o.a.. 
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Oxygen  balance  (to  determine  H^O)  -gm-mol  O2 


O2  in 

3.10 

2.91 

3.02 

3.02 

Op  out 

2.85 

2.71 

Difference 

K).13 

40.44 

-0.17 

-0.31 

Difference  as  gn-mol  water 

- 

- 

0.34 

0.62- 

Hyrdrogen  baleuce  (check)  -gm-mol 

%  in 

14.60 

16. CC 

13.20 

16.80 

IL  out 

U.12 

14.95 

11.63 

Difference 

0.4s 

1.15 

1.57 

1.50 

Percent  O2  reacted 

19.3-«- 

14.4^ 

49.4 

61.2 

AH  of  reaction  (kcal/lOO  pi-mol) 

-23 

-50.2 

-99.5 

-120.3 

t  The  high  O2  concentration  in  offgas  resulted  in  not  too 
satisfactory  steady  state  operation.  Errors  may  be  attributed  to 
more  than  one  component. 

•*ffThis  acet£ildehyde  yield  is  knoTJii  to  be  Iot/  because  the 
unabsorbed  aldehyde  sample  v/as  spoiled 


^  The  large  error  in  0, 


in  offgas  is  reflected  here. 
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Table  3 

Effect  of  Concentration 


Run  No. 

3-A 

12-A 

7-A 

B~7 

Duration  (min*)  Start 

up  only 

57.6 

41.8 

73.7 

Gffl-mol  offgas  (dry) 

- 

71.4 

53.0 

84.2 

Gm-nol  feed  gas  (dry) 

- 

71.7 

5A..2 

87.0 

Inlet  temperature  (®F) 

726.5 

726 

726,5 

725 

Bath  temperature  (®F) 

727 

723.5 

727 

725 

Reactor  pressure  (psA,s.) 

100 

100 

100 

100 

Ncwiinal  reaction  time  (sec.) 

3.0 

3.0 

2.9 

3.3 

Space  velocity  (hir-l) 

- 

3410  3 

'560  3230 

Feed  rate  (gm-mol/hr.) 

- 

74.7 

78.0 

70.9 

Feed  gas  (mol  %  dry) 

97.00 

94.34 

90.70 

87.50 

T5Z 

1.50 

3.02 

4.67 

6.15 

1.50 

2.64 

4.63 

6.35 

Offgas  (mol  %  drj'-) 

CO2 

nil 

0.64 

0.90 

1.13 

CO 

nil 

0.70 

1.22 

2.63 

O2 

1.50 

1.54 

1.15 

0.39 

Un saturates 

nil 

0.44 

0.70 

0.76 

Adjusted  Carbon  balance  (gm- 

atom  C)  ■ 

-based  on  duration  of  run 

C  in 

7.56 

10.04 

22.12 

C  out  as  C0_ 

0.45 

0.48 

0.95 

as  CO'^ 

0.50 

0.76 

2.21 

as  U«  H*C. 

5.90 

6.80 

16.82 

as  Useful  PixDducts 

0.71 

2.00 

2.U 

Total  out 

7.56 

10.04 

22.12 

Ratio  of  Carbon  out  to  Carbon  in 

1.05 

1.09 

0.91 

On  basis  of  100  gm-mol  feed 

Yield  ( gm-mol/lOO gm-mol) 

COp 

0.64 

0.88 

l.o9 

co^ 

0.70 

1.40 

2.54 

Methanol 

0.175 

1.26 

0.593 

Etlanol 

0.066 

0.195 

0.216 

Acetaldehyde 

Acetone 

0.190 

0.066 

0.533^ 

0.124 

0.939**-*- 

0.057 

Formic  Acid 

0.087 

— 

•• 

Total  Useful  Products 

0.58 

2.11 

1.81 

Oxygen  balance  (to  deteimine  H^O)  “gm-mol  0, 


0  in 

07  out 

Difference 

Difference  as  gm-mol  water 

3.02 

2.85 

0.17 

0.34 

4.67 

0.92 

1.84 

6.15 

2.51 

5.02 

Hydrogen  balance  (check)  -gn-mol 

H2  in 

H2  out 

Difference 

13.20 

11.63 

-1.57 

23.1 

'D.'l 

■^0.5 

31.8 

22^ 

■K).9 

Per  cent  0^  reacted 

2 

49.4 

76.0 

93.7 

Ah  of  reaction  (kcal/lOO  gm-mol) 

-99.5 

-185.9 

-461,7 

Acetaldehyde  yield  knov/n  to  be  lov/  because  unabsorbed 
aldehyde  sample  was  spoiled* 


Acetaldehyde  appears  too high.  Unabsorbed  aldehyde  sample 
may  be  in  error. 
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Table  4 


Effect  of  Bu'bane 


Run  No. 

17-A 

12-A 

16— A 

B-6 

Duration  (inii]>) 

50.1 

57.6 

41.0 

72.7 

Gm-mol  offgas  (dry) 

59.4 

71.4 

51. c 

83.8 

Gm-mol  feed  gas  (dry) 

59.8 

71.7 

51.9 

85.2 

Inlet  temperature  (**F) 

726.5 

726 

722 

729 

Bath  temperature  (®F) 

730 

723.5 

727 

725 

Eeactor  pressure  (psA&-) 

100 

100 

100 

100 

Nominal  reaction  time  (sec) 

3.1 

3.00 

3.0 

3.4 

Space  velocity  (hrrl) 

3270 

3410 

3460 

3210 

Feed  rate  (gm-mol/hr.) 

71.5 

74.7 

75.9 

70.4 

Feed  gas  (mol  %  dry) 

Na 

95.57 

94.34 

92.32 

89.05 

3.06 

3.02 

3.09 

3.58 

C4H10 

Butane-o:jygen  ratio 

1.37 

2.64 

4.59 

7.37 

0.45 

0.88 

1.49 

2.06 

Offgas  (mol  %  dry) 

0.64 

0.61 

0.6^ 

CO2 

0.43 

CO 

0.29 

0.70 

0.63 

1.04 

O2 

1.83 

1.54 

0.66 

0.43 

Un saturates 

0.19 

0.44 

0.64 

0.97 

Adjusted  Carbon  balance  (gm- 

-atom  C) 

-based  on  duration  of  run 

C  in 

3.26 

7.56 

9.52 

25.16 

C  out  as  COp 
as  CO 
as  U.H.C. 

as  Useful  Products 
Total  out 

0.26 

0.17 

2.52 

0.31 

3.26 

0.45 

0.50 

5.90 

0.71 

7.56 

0.31 

0.32 

8.08 

0.81 

9.52 

0.57 

0.87 

22,90 

0.82 

25.16 

Ratio,  of  carbon  out  to  carbon 

in 

1.17 

1.05 

0.96 

0.82 

On  basis  of  100  gm-mol  feed 

Yield  (gm-mol/lOO  ©n-mol) 

602 

CO 

•  • 

0  0 

0.64 

0.70 

0.60 

0.62 

0.67 

1.02 

Methanol 

Ethanol 

Acetaldehyde 

Acetone 

Formic  Acid 

Total  Useful  Products 

0  0  H  0  0 
000000 

0.175 

0.066 

0.190 

0.066 

0.087 

0.58 

0.332 

0.118 

0.260 

0.118 

o.ns 

0.95 

0.350 

0.087 

0.087-^ 

0.065 

0.065 

0.65 

*J « 


3, 


*  n* 


s 


S 


iZr-  '*  J 


,  V 


w  '  i  ;.i. 


r 


) 


r’  vi  ' 


1  /.  0 


V, 


? 


fo 


joi  ■ :.  :x:  c:o 


Oxygen  balance  (to  determine  H  O)  -gm-^nol  0, 


0.  in 

3.06 

3.02 

3.09 

3.58 

Difference 

2.53 

2.35 

2.21 

1.97 

— C  .ZB 

-0.17 

-0.33 

-1.61 

Difference  as  gm-mol  waterO,96 

Hydrogen  balance  (check)  -gm-mol 

0.34 

1.76 

3.22 

in 

6.35 

13.20 

22.95 

36.35 

g  out 

Difference 

6.34 

23.20 

33.13 

-O.Cl 

“1.57 

0.25 

“3.72 

Percent  O2  reacted 

40.5 

49.4 

75.5 

38.3 

AH  of  reaction  (kcal/lOO 

gm-mol) -m.2 

-99.5 

“175.4 

-223.3 

This  maas  spectrometer  analysis  indicates  the  lack  of  quan¬ 
titative  differentiation  between  individual  yields  when  water  content 
of  sample  was  high. 

•*-*-  Acetaldehyde  sample  known  to  be  low  because  offgas  aldehyde 
sample  was  spoiled 


f  Acetaldehyde  yield  is  inexplicably  high. 
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Table  5 

Effect  of  Oxygen 


Run  No. 

J2-A 

12-A 

15~A 

1-A 

Duration  (min*) 

74.6 

57.6 

52.4 

70.9 

dn-mol  offgas  (dry) 

101.3 

71.4 

66. 5 

86.50 

Ckn-mol  feed  gas  (dry) 

101.7 

71.7 

67.4 

88,4 

Inlet  temperature  (‘F) 

714.5 

726 

730 

714 

Bath  temperature  (®F) 

713 

723.5 

733 

711,5 

Reactor  pressure  (p^i^^) 

100 

100 

100 

100 

Nminal  reaction  time  ( 

sec.)  2.9 

3.0 

2.8 

3.1 

Space  velocity  (hrr^) 

3730  3A10  3520  3420 

Feed  rate  (gm-mol/hr.) 

81.8 

74.7 

77.2 

74.8 

Feed  gas  (mol  %  dry) 

95.59 

94.34 

92.79 

91.32 

0. 

1.58 

3.02 

4.65 

5.85 

/ho 

2.83 

2.64 

2.56 

2.85 

Oxygen^butane  ratio 

0.56 

1.14 

1.82 

2.04 

Offge.s  (mol  %  dry) 

COo 

0.15 

0.64 

0.72 

0.83 

0.04 

0.70 

0.71 

1.20 

0. 

1.34 

1.54 

2.38 

2.69 

On saturates 

nil 

0.44 

0.41 

0.42 

Adjusted  carbon  balance  (grik-atom  C)  - 

u 

-based  on  dration  of  run 

A 

C  in 

11.52 

7.56 

6.88 

10.08 

C  out  as  CO^ 

0.15 

0.45 

0.48 

0.72 

as  CO'^ 

0.04 

0.50 

0.47 

1.04 

as  U.H.C. 

9.92 

5.90 

5.13 

5.66 

as  Useful  Products  I.4I 

0.71 

0.80 

2.66 

Total  out 

11.52 

7.56 

6.88 

10.08 

Ratio  of  Carbon  out  to 

Carbon  in 

1.36 

1.C5 

0.91 

1.23 

On  basis  of  100  gm-mol 

feed 

Yield  (gm-mol/lOO  gm-mol) 

0,15 

0.64 

0.71 

0.81 

CO 

0.C2 

0.70 

0*70 

1.17 

Methanol 

0.131J^  0.175 

0.304 

0.881-*- 

Ethanol 

0.131 

0.066 

0.093 

0.205 

Acetaldeh;j'-de 

0.500 

,0.190 

0.164 

0.821 

AcetcMie 

- 

0.066 

0.093 

0.102 

Formic  Acid 

- 

0.087 

— 

TotaJ.  Useful  Products  0.76 

0.58 

0.75 

2.01 
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0:xygen  balance  (to  deteimine  I^O)  -gm-mol  0 


2 


O2  in  1.58 
Op  out  1.88 
Difference  0.30 
Difference  as  gm-mol  water  - 

3.02 

2.85 

-0.17 

0.34 

4.65 

2.65 
-2.00 

4.00 

5.83 

5.10 

-0.73 

1.46 

Plydrogen  balance  (check) 

-gm-mol  H 

2 

E2  in 
it  out 

Difference 

14.40 

14.26 

—0 .14 

13.30 

11.63 

-1.57 

12.80 

4-2.29 

12.60 

13.62 

+1.02 

Per  cent  0^  reacted 

15.8 

49.4 

74.9 

54.9 

of  reaction  (kcal/lOO 

gm-mol) 

-89.0 

-99.5 

-313.5 

-245.9 

These  mass  spectrometer  analyses  are  part  of  a  group  which 
ware  all  inexplicably  high.  They  were  disregarded  when  plotting 
graphs. 
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DISCUSSION 


Chemical  Effects 

The  interpretation  of  the  data  is  restricted  to  the 
recognition  of  the  chemical  effects  s.ssociated  with  butene 
oxidation  under  the  test  conditions.  Linking  of  these  observations 
to  a  suitable  reaction  mechanism  is  not  proposed  at  the  present 
time. 

Effect  of  Pressure 

Graphs  1  to  5  and  Figure  9.  show  the  reaction  trends 
associated  with  pressure  increase  for  a  reaction  time  of  3.0  sec. 
and  feed  composition  of  xhree  per  cent  of  both  oxygen  and  butane. 

The  bath  temperatures  varied  from  723  to  727°F. 

At  50  p/^jva.  no  noticeable  reaction  occurred  but  as  the 
pressure  was  increased,  the  mixture  became  increasingly  more  reactive 
until  175  p.sia  was  reached  at  v/hich  point  the  oxygen  remaining  after 
reaction  was  insignificant.  As  may  be  e^'^pected,  the  reaction  rate 
increases  noticeably  because  the  temperature  profile  peaks  must  sliift 
towards  the  reactor  inlet  to  account  for  the  lov/er  temperatures  for 
the  150  and  175  RSAa.  runs  at  the  6  ft.  position  and  their  increased 
heats  of  reaction.  The  I50  and  175  ixsia  runs  yielded  equal  heats  of 
reaction,  showing  a  limiting  condition,  and  also  gave  identical 
temperature  profiles  vdiich  fact  supports  the  heat  of  reaction  calculations. 
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This  limiting  condition  may  be  the  oxygen  available  for  reaction 
which  limits  the  ini  tied,  temperature  rise  and  the  total  amount 
of  reaction. 

In  plotting  the  useful  product  yield  curves,  the  mass 
spectrometer  analysis  for  Run  4--A.  was  ignored  because  of  its 
incompatibility  with  the  other  results.  This  run  was  one  of 
four  consecutive  runs,  all  of  whiich  gave  misleading  mass  spectro¬ 
meter  analyses.  The  yields  of  individual  useful  products  pass  through 
a  common  maximum  and  then  decline  in  favour  of  further  CO  formation. 

The  optimum  yield  was  attained  in  the  vicinity  of  130  p.si.a.  with  a 
conversion  in  a  single  pass  of  14  per  cent  of  the  total  carbon. 

After  the  initial  step  of  the  reaction,  the  oxygen  concentration 
may  have  been  lowered  to  the  point  where  no  further  reaction  with  the 
useful  products  occurs.  The  products  thejtoselves  appear  stable  to 
pyrolysis  at  the  reaction  temperatures  encountered.  This  critical 
oxygen  content  diminishes  as  the  reaction  pressure  increases  because 
of  the  change  in  partial  pressures,  in  effect,  concentration. 

The  appearance  of  unsaturateS  confoims  vn.th  the  initiation  of 
the  reaction  and  reaches  a  near  maximum  quickly  after  which  a  gradual 
increase  is  shown.  This  fact  alone  is  not  of  significance  but  it  may  be 
of  assistance  in  later  discussion. 

Effect  of  Reaction  Time 

These  runs  were  performed  at  a  pressure  of  100  p.sd»3.,  bath 
temperatures  of  723  to  726°F  and  inlet  gas  composition  of  tliree  per  cent 
oxygen  and  three  per  cent  butane.  Graphs  6  to  10  and  Figure  IQ  show 
the  effect  of  varying  the  reaction  time  from  1.0  to  4«5  sec. 
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GRAPH  4 
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GRAPH  5 
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At  reaction  times  of  0.8  and  1.0  see.,  no  reaction  was 
apparent.  The  significant  effect  of  reaction  time  lay  in  the  rapidity 
of  formation  of  useful  products  during  the  interval  of  1.0  to  1.5  sec. 
where  they  quickly  reached  their  maadmum  yields  in  preference  to  CO^ 
and  CO  formation.  The  selectivity  curve  very  clearly  shows  tills 
distinctive  feature.  Above  1.5  sec,  little  occurs  other  than  a 
gradual  increase  in  the  oxygen  reacting  to  both  useful  products  and 
CO.  Slight  variations  in  reaction  times  greater  than  2.5  sec. are 
shown  to  have  negligible  effect  on  the  yields  because  of  the  low  slope 
of  the  yield- reaction  time  curves. 

The  mass  spectrometer  analyses  indicate  early  formation  of 
acetaldehyde,  ethanol  and  methanol  but  the  shorter  the  period  the  more 
it  is  indicated  that  ethanol  and  acetaldehyde  are  the  initial  oxidation 
products.  Methanol  then  becomes  significant  irLth  acetone  appearing  last. 
Formic  acid  yields  appear  to  increase  linearly  with  contact  time  and  the 
exact  point  where  it  appears  is  not  Icnown  relative  to  the  other  products. 
The  gradual  increase  in  formic  acid  may  be  taken  as  evidence  of  origin 
in  a  secondary'"  reaction,  more  likely  to  occur  with  an  increasing 
reaction  temperature. 

The  primary  useful  products  yield  curves  show  a  characteristic 
dip  after  the  early  reaction  pealc.  Tliis  may  be  attributed  to  the  thermal 
influence  of  the  reactor  design.  The  longer  the  reaction  time,  the 
liigher  the  reaction  temperature  which  was  attained  because  temperature 
rise  suppression  by  reactor  cooling  would  be  least  at  low  mass  velocities. 
The  loT/er  temperatures  betiveen  1.0  to  1.5  sec  runs  would  favour  increased 
yields  of  useful  products  which  in  turn  decrease  as  the  reaction  t^rperature 
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REACTION  TIME-SEC. 
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increases.  The  more  stable  intermediates  such  as  formic  acid  and 
acetone  would  increase  slightly  because  their  formation  may  be 
accelerated  with  increasing  temperatures.  The  yield-reaction  time 
curves  a.re  not  truly  compaj^able  because  each  run  was  subject  to  a 
differing  thermal  influence. 

The  temperature  profiles  indicate  a  chara.cteristic  surge 
shortly  after  the  initiation  of  the  reaction  followed  by  a  short 
period  in  which  the  reaction  is  essentially  completed  and  lastly, 
cooling  of  the  gases  to  the  bath  temperature.  Very  definite  evidence 
of  an  induction  period  is  sho?m  by  the  profiles.  Although  the  reaction 
times  are  nominal  and  subject  to  some  error,  the  following  induction 
period  may  be  deduced  on  the  basis  of  the  calculated  reaction  times; 

Considering  the  section  in  which  the  reaction  first  appeared 


Run 

Time  in  sec/section 

Induction 

oeri( 

4.50  sec. 

1.13 

0.56  + 

0.56 

3.0 

0.75 

0.75  ± 

0.75 

1.44 

0.36 

0.72  i 

0.36 

1.18 

0.29 

0.15 

Average  induction  time  0.72  t-  0.18 

“  0.13 


This  induction  period  is  an  average  for  these  runs  subject  to  perhaps 
10  oer  cent  error  and  assumes  the  induction  period  to  be  independent 
of  the  mixing  between  the  feed  junction  and  the  point  of  reaction 
initiation . 

The  use  of  reaction  time  rather  than  space  velocity  as  the 
basis  for  plotting  this  data  may  be  questionable.  The  justification 
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for  this  approach  lies  in  the  fact  that  loecause  of  the  large  inert 
content  of  the  feed  stream,  the  fra.ctional  molar  change  is  small  and 
hence  both  space  velocities  and  reaction  times  may  be  used.  The 
latter  gives  a  better  physical  picture  and  is  more  useful  from  a 
kinetic  viewpoint. 

Effect  of  Concentration 

These  runs  were  performed  at  a  pressure  of  100  psla,,  reaction 
time  of  3.0  sec.,  butane  to  o>ygen  feed  ratio  of  one  and  bath  temperatures 
of  724  to  727°F.  Graphs  11  to  15  and  Figure  11  were  plotted  from  the 
da.ta. 

At  1.5  per  cent  oxygen  (and  1.5  pei*  cent  butane),  traces  of 
reaction  occurred  but  the  product  yields  were  too  small  for  accurate 
determination.  This  value  7/as  taken  as  the  minimm  concentration  for 
reaction  initiation.  Upon  increasing  the  oxygen— butane  concentration, 
the  reactivity  of  the  iiii:>rture  increased  steadily  until  4*0  per  cent  was 
reached  after  which  the  conditions  were  so  severe  as  to  tend  to  force 
the  oxidation  to’-vards  completion.  This  is  shown  by  the  exponential 
increase  in  H^O  and  CO  produced.  The  heats  of  reaction  paralleled 
this  exponential  increase. 

Temperature  profiles  for  runs  up  to  4.5  pei*  cent  oxygen 
(and  4.5  per  cent  butane)  were  similar  to  other  profiles  but  when 
these  values  were  raised  to  6.0  per  cent,  the  temperature  at  the  6-xt. 
mark  in  the  reactor  was  considerably  lower  than  for  the  other  runs. 
However,  the  heat  of  reaction  vras  very  high;  hence  there  must  have 
been  a  high  temperature  at  some  other  point  in  the  reactor. 
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EFFECT  OF  CONCENTRATION. 

Both  Temperature -725 
Nominal  Reaction  Time -3  Sec. 
Reaction  Pressure  -  1 00  psia. 
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GRAPH  12 


GRAPH  13 


PER  CENT  OF  REACTED  CARBON  PER  CENT  OF  TOTAL  CARBON 
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GRAPH  14 


GRAPH  15 
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The  reaction  time  for  this  run  iras  slightly  larger  than  3,0  sec.  and 
as  a  result,  the  reaction  peak  must  have  been  displs,ced  towards  the 
inlet.  The  temperature  at  the  12-ft.  mark  appears  high  relative  to  • 
other  runs  indicating  more  reaction  between  the  6-ft.and  12-ft. marks. 

This  prolonged  reaction  at  100  5isi.a,with  a  final  offgas  composition  of 
greater  than  four  per  cent  butane  and  0,39  per  cent  oxygen  appears 
contradictory  to  the  earlier  runs. 

The  useful  product  yield  curves,  taking  methanol  as  being 
representative,  swing  through  a  maximum  at  approximately  4»0  per  cent 
O2  or  C4H]_o»  yields  then  decline  because  of  the  iiighly  increased 

reaction  temperatures  leading  to  the  decomposition  of  the  intermediates. 
Ethanol  and  acetone  both  appear  more  resistant  to  further  o^iidation  than 
methanol.  Acetaldehyde  yields  are  obscured  because  of  loss  of  sample 
during  the  4*6  per  cent  run.  Formic  acid  was  not  reported  quantitatively 
for  all  of  these  analyses  but  its  presence  under  these  conditions  certainly 
appears  likely.  Conversion  of  total  carbon  to  useful  products  could  be 
expected  to  exceed  20  per  cent  at  four  per  cent  oxj^gen  or  butane. 

Effect  of  Butane 

Butane  concentration  studies  were  carried  out  at  a  pressure 
of  100  reaction  time  of  3.0  sec.  and  oxygen  concentration  of 

three  per  cent.  Bath  temperatures  ranged  from  723  to  730°F.  Run  B-6 
was  included  in  this  series  although  the  oxygen  concentration  was 
3.6  per  cent  because  the  butane— oxygen  ratio  was  felt  to  be  significant. 

No  other  corrections  were  appiLied  to  B-6  to  offset  the  increased  yields. 
Graphs  I6  to  20  and  Figure  11  show  the  effect  of  butane. 


U  i. 


1.  > 


ii  1.1. 


} 


J  3 


-L  ; 


k/'i 


■  ‘  V';  " 


>:;■ 'f.  j  < 


.--1- .  ,  / 


i 


j 


J 


j  ■} 


•i! 


iv‘) 


J  K,. 


a 


) 


>  iiu. 


U  • 


/j ,  :;  yj 


-ij 


1 


X 


J-  )  i  f.: 


.  J 


0  ■ 


-v’  C.J  J  • 

•  ■  ■  J,  V.i.  .i.  '  .  i.’  , 


-  70  - 

The  minimum  butane  required  for  initiation  of  the  reaction 
could  not  be  detemined  but  from  the  slope  of  the  yield  curves  it  is 
indicated  as  being  very  low.  The  curves  were  plotted  through  the 
origin  indicating  any  concentration  would  react.  If  a  minimum  o:xygen 
concentration  only  is  considered  necessary  to  chain  initiation,  then 
with  three  per  cent  oxygen,  reaction  would  take  place  with  butane  at 
any  concentration.  Most  oxidation  theoides  propose  an  oxygen  molecule, 
atom  or  oxygenated  radical  as  the  cha.in  initiator.  Within  this 
reactor,  any  run  made  with  three  per  cent  oj^ygen  in  the  feed  and  a 
pressure  of  100  resulted  in  reaction  after  the  induction  period. 

For  this  reason,  the  concentration  of  three  per  cent  oxygen  appears 
above  the  critical  concentration  for  chain  propagation. 

Considerable  scatter  in  the  offgas  analyses  is  evident, 
particularly  for  CO:  consequently  the  accuracy  of  the  jdelds  is 
questionable.  With  increased  butane  concentration,  both  heats  of 
reaction  and  reaction  temperature  increased.  The  increased  temperatures 
to  some  extent  are  responsible  for  the  peat  in  the  useful  piToducts 
yield  curve.  With  butane  concentrations  above  three  per  cent,  increases 
in  carbon  conversion  were  not  very  significant. '  The  selectivity 
of  the  reaction  also  favoured  CO  and  CO2  in  the  range  three  to  six 
per  cent  butane.  The  maximum  carbon  conversion  to  useful  products 
reached  10  per  cent  at  a  butane  to  oxygen  feed  ratio  of  one  to  one. 

The  unsaturates  in  the  offgas  increase  almost  linearly  with 
the  increase  of  butane  concaaiitration  in  the  feed.  In  all  other  series 


of  runs,  a  limiting  concentration  of  unsaturates  in  the  offgas  was 
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GRAPH  19 
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reached.  The  origin  of  the  'unsaturates  may  involve  an  oxygen  reaction 
•svith  the  butane  and  the  yield  of  unsaturates  appears  proportional  to 
the  butane  concentration  which  could  indicate  a. reaction  of  first  order. 
It  is  also  possible  that  the  greater  part  of  the  unsaturates  produced 
may  result  from  a  reaction  independent  of  those  which  produce  the 
oxygenated  carbon  compounds.  It  is  unlikely  that  any  unsaturates  formed, 
mainly  ethylene,  would  be  subject  to  further  oxidation  or  reaction 
because  they  would  be  more  resistant  to  further  attack. 

The  temperature  profiles  again  conform  in  showing  increased 
peaks  for  increased  heats  of  reaction.  An  exception  arises  in  the 
profile  for  Run  B-6.  Although  butane  concentration  exceeded  seven 
per  cent  and  excess  butane  may  depress  the  reaction,  the  peak  has 
shifted  tov/ards  the  reactor  inlet.  The  explanation  may  lie  in  the 
increased  reaction  time  of  3.4.  sec. for  this  run. 

Effect  of  Oxj'-gen 

The  effect  of  oxygen  concentration  upon  butane  oxidation  has 
not  been  clearly  established.  The  data  are  subject  to  criticism  because 
the  bath  temperatures  are  variant  and  two  of  the  four  mass  spectrometer 
analyses  appear  incompatible  with  the  material  balances  for  those  runs. 
All  runs  were  made  with  approximately  2.7  per  cent  butane  in  the  feed, 
at  a  reaction  pressure  of  100  p^a.  and  reaction  time  of  3.0  sec.,  but 
bath  temperatures  varied  from  712  to  733°F«  Graphs  21  to  25  and 
Figure  l3  show  the  results  of  these  experiments. 

7;ith  1.5  per  cent  oxygen,  very  little  reaction  occurred. 

The  data  though  scattered  indicate  a  minimum  concentration  of  oxygen 
must  be  attained  before  three  per  cent  butane  will  react. 
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GRAPH  21 
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GRAPH  22 


GRAPH  23 


PER  CENT  OF  REACTED  CARBON  PER  CENT  OF  TOTAL  CARBON 
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GRAPH  24 


GRAPH  25 


EFFECT  OF  VARYING  OXYGEN 
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This  is  consistent  with  observations  from  other  runs.  For  instance, 
with  three  per  cent  butane  and  three  per  cent  oiKygen  at  100  Tisj^a^ 
the  oxygen  content  of  the  offgas  tends  to  level  off  at  slightly  higher 
tlian  one  percent  with  increa.sed  reaction  time.  Once  the  oxj^gen 

concentration  is  reduced  below  a  certain  point,  little  further  oxidation 

en 

can  take  place.  The  minimum  value  of  oxygen  con  (^ration  will  be  de¬ 
creased  with  increased  pressures  as  indicated  earlier  and  will  also  be 
affected  by  the  temperature  of  the  reaction  which  is  attained. 

Useful  product  yields  are  believed  to  pass  tlirough  a  maximum 
but  the  results  are  actually  indefinite.  The  increasing  ox^^gen 
concentration  increases  the  reactivity  of  the  mixture  and  the  reaction 
temperature,  ultimately  leading  to  complete  o^adation  of  the  hydrocarbon 
to  CO2,  CO  or  water.  Maximum  conversion  of  carbon  expected  would  be 
of  the  order  of  10  per  cent  at  an  oxygen  to  butane  ratio  of  approximately 

1.5. 

The  temperature  profiles  indicate  that  a  better  selectivity  is 
possible  by  reducing  the  preheat  temperature  because  this  in  effect 
reduces  the  reaction  temperature  attained. 

Thermal  Effects 

The  e^qperimental  data  which  provided  the  thermal  history  of 
the  oxidation  reaction  consisted  of  an  approximate  reaction  temperature 
profile  and  an  estimated  heat  of  reaction.  The  accuracy  of  this 
information  greatly  affects  any  further  treatment. 
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Temperature  Profile 

The  five  corrected  bulk  temperatures  of  the  gas  which  were 
obtained  at  evenly  spaced  reactor  intervals  provide  five  points 
through  T/hich  the  true  profile  must  pass.  The  absence  of  more  of  these 
temperatures  obscures  some  of  the  profile  characteristics  which  are 
hnov/n  to  occur.  For  a  reaction  time  of  3.0  sec,  the  following  features 
are  believed  to  exist:  an  induction  period  before  reaction  initiation 
of  the  order  of  0.70  sec,  a  curve  of  increasing  slope  after  the  reaction 
has  started,  the  final  temperature  surge  just  before  the  peak,  a  peak  of 
unknov.Ti  extent  which  lies  between  0.70  and  1.4  sec,  a  diminishing  curve 
up  to  1.3  sec.  after  which  time,  the  reaction  rate  becomes  insignificant 
and  finally,  the  cooling  cuiwe  which  approaches  the  ba.th  temperature. 

The  following  treatment  is  suggested  to  give  a  more  clear  picture 
of  the  amount  of  reaction  occurring  in  various  parts  of  the  reactor. 


To  determine  the  proper  temperature  profile. 


a. 


Consider  an  elemental  section,  dx,  of  the  reactor  tube  and  from  a 
heat  balance  across  it 


Q 


Q  =.  heat  transferred 

U  =  overall  heat  transfer  coefficient 

P  perimeter  of  section 

dx  =  length oPelemental  section 
tQ  =  gas  temperature 

tb  =  bath  temperature 


U, being  nearly  constant  over  the  re;ictor  length,  may  be  assumed  fixed 


in  value. 
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The  vsJ-ue  J  corresponds  to  the  8J?ea  below  the  reactor 

temperature  curve  and  must  equal  ^UP.  The  heat  of  reaction,  Q, 
may  be  calculated  from  themal  data  and  the  product  analysis.  In 
this  way,  it  should  be  possible  to  fit  a  temperature-reactor  distance 
curve  which  will  satisfy  the  enthalpy  balance. 

In  practice,  it  may  be  more  convenient  to  determine  the 
mean  temperature  driving  force, 

("tG  -  'tb)niean  -  - 2 - 

^Total 

When  this  temperature  is  plotted  on  the  temperature  profile  as  a 
line  parallel  to  the  abscissa,  the  area  between  the  line  and  the 
temperature  profile  curve  must  equal  the  area  enclosed  by  the 
temperature  curve  above  the  mean  temperature. 

Using  this  area  criterion  and  the  evidence  of  profile 
characteristics  already  mentioned,  a  more  accurate  profile  may  be 
plotted  through  the  five  known  temperatures.  In  Figure  15>  the 
outline  of  the  area  shows  the  form  of  the  profile  which  is  believed 
to  exist.  Figure  14  shows  an  experimental  temperature  profile. 

b.  To  find  the  heat  liberated  by  tiie  reaction  in  successive 
sections  of  the  reactor,  the  five  corrected  temperatures,  a  constant 
overall  heat  transfer  coefficient  for  the  reactor,  an  accurately 
determined  heat  of  reaction  and  a  temperature  profile  established  from 
tills  data  are  required. 

Consider  section  1  to  6  ft. 
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Figure  14. 
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where  =  heat  transferred  to  the  bath 

(equal  to  the  area,  under  the  profile 
from  X  =  0  to  X  =  6) 

=  sensible  heat  of  reacting  gas  above 
the  entering  temperature  (obtained 
by  studying  the  temperature  history 
of  an  inert  gas  starting  at  an  initial 
temperature  equaJ.  to  that  at  x  =  6  ft* 
and  losing  its  heat  to  the  bath) 


Consider  each  reactor  section  in  a  similar  manner. 

Now  for  section  0  to  6,  AHa  is  the  area  under  the  profile  from  0  to  6  ft. 
To  obtain  AHb 

Consider  a  differential  heat  balance  for  an  inert  gas  being  cooled 
ttCp  dtQ  =  UP  dx  (tQ  -  t^) 

■  -H?.  /  dx  =  f 

wCp  J  y  tG  -  tb 


and 


-  UC  (^2  -  xi)  =  log 
2.3  T^Cp 


] 


A  plot  of  (tQ  -  t^)  versus  x  on  semilog  paper  would  be  linear  and 
of  slope  equal  to  UP/2.3  wCp.  Transfer  of  the  coire spending  vadues 
of  (to  -  tb)  and  x  to  the  temperature  profile  would  appear  as  the 
curved  lines  which  define  the  Af^section  on  Figure  15. 

This  procedure  was  applied  to  many  of  the  temperature  profiles 
and  it  was  found  that  for  a  3*0  sec. reaction  time,  -  18  ^ 

small  percentage  of  the  total  AH  for  the  reaction.  In  all  cases, 

AH  18-24  was  insignificant.  This  shows  graphicaJAy  that  no  further 
exothermic  reaction  takes  place  after  1.8  sec. 


- 
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The  e,pplication  of  this  procedure  to  the  experimental 
data  was  not  too  satisfactoiy.  The  lack  of  more  recorded  tempera, tores 
near  the  reaction  peak  makes  any  attempts  to  plot  a,  complete  temperature 
profile  rather  questionable.  It  was  also  felt  that  some  of  the  higher 
temperatures  may  be  as  much  as  10  Fahrenheit  degrees  lower  than  the 
true  values,  even  after  corrections  had  been  applied.  Certainly, 
several  of  the  assumptions  made  in  calculating  the  temperature  corrections 
are  not  very  sound. 


Reaction  Characteristics 

The  reaction  of  butane  with  oxj’^gen  at  the  conditions  investigated 
is  observed  to  follow  a  pattern  wMch  is  alv/ays  similar,  in  induction 
period  e>nsts  prior  to  the  initiation  of  the  reaction  after  which  the 
path  of  the  reaction  is  largely  dependent  upon  the  heat  capacity  of 
the  gases,  the  ability  of  the  reactor  to  cool  the  reaction  mixture  and 
the  reaction  rate. 

With  the  present  reactor  design,  the  reaction  is  carried  out 

under  conditions  neither  isotheimal  nor  adiabatic  but  somewhere  intermediate. 

If  the  reaction  were  adiabatic,  a  A  H  of  -1  kilocal/gm-mol  N2  (considering 

all  feed  as  inert  nitrogen)  would  cause  a  temperature  rise  of  230°F. 

The  majority  of  AH's  were  of  the  order  -1.0  to  -2.0  kcal/gm-mol  feed. 

»-tsc 

The  maximum  recorded  temperature^never  exceeded  90  ®F  compared  to  a 
corresponding  adiabatic  temperature  rise  of  perhaps  500  °F.  These 

merely  show  that  the  heat  capacity  of  the  gases  is  not  sufficient 
to  prevent  a  large  temperature  rise  due  to  reaction. 

The  ability  of  the  reactor  to  dissipate  the  heat  of  reaction  is 
obvious  when  considering  the  adiabatic  temperature  rises  which  were 
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possible  and  yet  which  did  not  occur.  In  the  reactor,  the  heat 
transfer  depends  upon  the  internal  area  of  the  reactor,  the 
temperature  change  from  the  gas  to  the  bath  and  the  film  coefficients. 
Both  the  heat  transferred  and  temperature  difference  are  affected  by 
the  film  resistances,  which  in  turn  have  been  shown  to  decrease  with 
mass  velocity  in  the  reactor.  The  majority  of  runs  were  carried  out  at 
the  same  feed  rate  (reaction  time  of  3.0  sec.)  so  that  the  reactor 
cooling  effects  for  these  runs  should  be  compare.ble.  To  reproduce  this 
cooling  effect  in  another  reactor  would  require  the  same  values  of  UA. 

The  reaction  rate  for  a  particular  pressure  and  feed  rate  is 
dependent  upon  the  concentration  of  the  reactants  end  the  temperature  at 
that  point  within  the  reactor.  For  hydrocarbon  oxidations,  the  surface 
area  of  the  reactor  also  affects  the  rate  because  of  its  inhibitory 
effect  upon  chain  propagation.  The  reaction  rate  in  the  butene  reactor, 
judging  from  the  temperature  profile,  increases  exponentially  just 
before  the  peaJc  temperature.  This  temperature  surge  results  from  the 
inability  of  the  thennal  energy  liberated  to  escape  to  the  surroundings 
with  a  resulting  increase  in  gas  temperature  and  reaction  rate.  In 
a  sense,  the  reaction  is  of  the  ”run-away*'  type. 

The  reactions  here  have  been  shown  to  be  neither  isotheimal 
nor  adiabatic  but  contingent  upon,  the  value  of  UA  for  the  reactor  and 
the  kinetic  rate  constants  for  the  reaction.  For  a  small  reactor,  surface 
effects  upon  reaction  rate  may  not  be  disregarded. 


f. 


i 


' '  V 


j.-  r 


u 


J  , 


r  L 
■J 


y.J 


f 


>  ; 


.j  >-.  ■  ■;  .A/ 


.  'j  o 


f ,  ■ ' 


.  r 


J  o 


i-- '  i 


ii.t 


■  •’•L 


i.-: 


1  •  i; 


J.  J: ' 


I 


Ji±'’  •; 

... 

,  ;•  .  A  ■■ 


L'-..  .  ■■  ■  J 


'-J 


•vj-f 


W?..  ;■  -Ci  J 

*  -v-  •  ...  . 


t 


)  ■' 


/  » 


,”> 

-J,  f 

■  ■>’ 


-  87  - 


Beaction  Kinetics 

In  deteimining  the  nature  of  hydrocarbon  o:d.dation  reactions, 
ultimately  the  mechanistic  concepts  proposed  from  the  e>:perimental 
evidence  must  be  in  accord  ^vith  the  kinetic  data  obtained  for  the  same 
reaction.  In  the  case  of  butane  oxidation,  it  is  doubtful  whether 
kinetics  are  of  value  in  elucidating  the  mechanistic  concepts  because 
of  the  complexity  of  the  reaction  steps  and  the  variety  of  reaction 
products.  At  present,  no  rigorous  procedure  exists  for  the  appli¬ 
cation  of  kinetics  to  this  reaction.  Nonetheless,  the  studies  of  such 
reactions  are  of  value  if  the  data  are  accurate  and  comprehensive  so 
that  the  work  is  always  amenable  to  future  kinetic  treatment. 

Semi-empirical  methods  have  been  successfully  used  as  a  guide 
in  scaling  up  laboratory'  reaction  data  but  these  results  are  specialized 
in  application  and  should  be  considered  reliable  only  over  the  restricted 
ranges  over  v;hich  they  were  developed.  One  such  method  is  described 
by  Reiser  and  YJatson  (25)  who  have  applied  it  to  a  complex  pyroljdsic 
reaction.  Further  'tvork  on  the  butane  oxidation  project  may  embrace 
this  type  of  study  in  order  to  malce  a  further  contribution  to  the 
development  of  reactor  design  metnods.  In  the  hope  that  it  may  be  of 
vaiue  if  such  a  step  is  contemplated,  brief  men  uion  of  some  of  the 
pT*pT  'im'in.nTy  factors  will  now  be  Considered.  It  \7ill  oe  necessary  to 
fix  the  feed  composition,  initial  temperature  and  pressure  of  the  reaction 
and  to  obtain  data  relating  space  velocity  to  the  conversion.  An  analysis 
of  optimum  conditions,  based  on  this  study,  is  included  in  the  conclusions 
following  thJLs  section.  The  design  of  a  new  reactor  should  include 
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means  of  deteimining  the  effect  of  reactor  surface  to  volume  ratio. 

Mass  flows  of  higher  turbulence  than  encountered  in  this  investigation 
should  be  planned  in  order  to  ensure  complete  mi3d.ng  and  eliminate 
radial  thermal  gradients.  The  application  of  the  principles  outlined 
by  Reiser  and  Watson  is  facilitated  if  an  exact  temperature  profile 
of  the  reaction  is  available.  The  Ai^  section  approach  would  be  of  value 
here  if  the  sections  are  small  enough  and  the  AH  values  accurate  because 
the  conversion  per  section  based  on  the  average  temperature  of  the 
section  may  be  checked  against  the  known  value  of  AH. 

The  above  treatment  is  hardly  satisfactoiy  but  since  no  appli¬ 
cation  of  the  method  to  this  project  has  been  attempted  as  yet,  it  can 
only  be  hoped  that  the  above  infoimation  is  of  some  value. 
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CONCLUSIONS  MD  PJilCOMMDATIONS 


The  complexity  of  hydrocarbon  oxidation  studies  has  been 
indicated  by  tliis  work.  Little  is  knoiin  regarding  the  mechanism 
and  kinetics  applying  to  these  reactions.  Further  work  on  the  butane 
project  should  be  more  restricted  in  scope  and  certainly  more  exact  so 
that  the  quantitative  results  may  be  valid  ’Tithout  question.  The 
application  of  semi-empirical  rate  analysis  treatment  is  recommended  at 
this  stage  because  of  its  value  to  the  design  of  reactors  for  complex 
reactions.  With  more  expensive  knowledge  of  the  thermal  history  of  the 
reaction,  the  semi-empirical  approaches  may  become  more  rigorous. 

The  study  of  butane  oxidation  indicated  that  the  major  products 
included  methanol,  ethanol,  acetaldehyde,  acetone  and  foimic  acid. 

The  reaction  exliibited  the  characteristics  of  a  cliain  reaction  because 
of  the  existence  of  an  induction  period  of  approximately  0.70  sec.  A 
critical  oxygen  concentration  of  the  order  of  1.5  psr  cent  was  observed 
for  the  reaction  at  100  psj,a.  and  725OF,  in  the  particular  reactor.  With 
butane  concentrations  equal  or  greater  than  the  critical  oxygen  content, 
no  reaction  was  initiated  and  the  conjecture  is  raised  that  the  oxygen 
concentration  is  critical  to  the  propagation  of  the  chain  reaction. 
Substantiation  of  this  point  may  lie  in  further  testwork  at  the  same 
reaction  conditions  but  with  different  reactor  surface  to  volume  ratios. 

The  reaction  temperature  history  follo^vs  a  characteristic  profile, 
the  appearance  of  which  has  only  been  estimated  and  is  subject  to  the 
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thermal  ch3.racteristics  of  the  reactor.  The  reaction  occurred  under 
conditions  which  were  neither  adiabatic  nor  isothermal  but  somewhere  intemediat 
The  peak  yields  of  those  inteimediate  products  of  economic  value 
were  obtained  in  reaction  times  of  the  order  of  1,0  to  1,5  seconds.  The 
effect  of  nitrogen  in  suppressing  the  reaction  is  believed  to  result 
primarily  from  reactant  dilution.  Increasing  pressure  greatly  affected 
reaction  rates  even  to  the  point  where  complete  oxygen  reaction  was  attained. 
Excess  butane  (greater  than  a  one  to  one  butane-oxygen  ratio)  was  observed 
to  decrease  yields  of  useful  products.  Varying  the  feed  composition 
altered  the  course  of  the  reaction  very  significantly.  Table  6  summarizes 
some  of  the  test  results: 

Table  6 


Parameter 

Pressure 

Reaction 

Time 

N2 

Diluent 

Butane 

Oxygen 

Pressure  (psia.) 

variable 

100 

100 

100 

100 

Reaction  time 

3.0 

variable 

3.0 

3.0 

3.0 

(sec) 

3.0 

3.0 

1:1  ratio 

variable 

3.0 

%  02 

3.0 

3.0 

3.0 

variable 

Range  tested 

50-175 

0.3-4. 5 

88-97^  N2 

1. 5-6.0 

1. 5-6.0 

Limiting  value 

50 

1.0 

97 

None 

1.5 

Optimum  range 

115-135 

1. 0-2.0 

95.5-96.5 

3.0-4. 5 

3. 5-5.0 

Optimum 

Conversion  {%) 

13 

9 

22 
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Further  similar  "butane  oxidation  experimentation  should  be 
restricted  to  the  following  conditions:  for  a  reaction  initiation  temperature 
of  725°F,  an  oxygen-butane  ratio  of  one  to  1.25  sjith  reaction  time  of  the 
order  1.0  to  1.5  sec,;  for  four  per  cent  oxygen,  a  pressure  of  100  p.si.a,; 
for  three  per  cent  oxygen,  a  pressure  of  125  p.sA4»  Decreasing  oxygen 
below  three  per  cent  may  improve  the  selectivity  of  the  reaction  but  the 
more  dilute  gas  mil  intensify  analytical  and  product  recoveiy  problems. 

Oxygen  above  four  per  cent  may  not  be  too  satisfactory  because  the  increased 
reaction  rate  could  only  be  offset  by  reducing  the  pressure  below  100  psia 
with  consequent  loss  of  efficiency  in  conversion.  The  above  suggestions 
apply  to  single-pass  reactions  because  no  testwork  involving  recycle  was 
attempted. 

Design  of  a  new  reactor  should  include  provision  for  accurate 
measurement  of  the  temperature  history.  The  heat  transfer  from  the 
reactor  and  turbulence  in  the  gas  stream  should  also  be  considered. 

The  use  of  an  aroclor  reactor  bath  is  not  satisfactory  for  a  larger 
scale  reactor  but  may  be  justified  in  laboratory  use  requiring  boiling 
at  temperatures  up  to  730°F  over  a  cumulative  period  of  two  v^eeks.  With 
the  small  reactor,  the  change  in  aroclor  properties,  the  rapid  tube 
fouling  and  maintenance  difficulties  still  present  problems.  The  over¬ 
all  heat  transfer  coefficient  may  decrease  mth  time  and  no  independent 
control  of  the  bath  coefficient  is  possible  without  forced  circulation. 

The  preheaters  were  satisfactory  but  their  temperature  control 
requires  much  improvement  to  eliminate  manual,  supervision. 
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The  proauct  absorption  tot7er  is  not  entirely  satisfactory. 

Loss  of  aldehyde  vapour  occurred  in  all  runs  but  those  with  slight 
reaction  and  the  best  absorption  was  obtained  TivLth  the  tower  partially 
flooded.  Some  work  may  be  required  to  determine  appropriate  absorption 
coefficients  for  the  tow^er  so  that  the  proper  water  feed  rate  can  be 
calculated. 

The  nitrogen-oxygen  storage  pressure  reduction  valve  must  be 
replaced  with  a  more  reliable  valve  or  else  the  offgases  should  be 
passed  through  a  rotameter  in  order  to  obtain  constant  conditions  of 
measurement. 

The  mass  spectrometer  analyses  should  be  checked,  now  that 
the  main  constituents  are  known,  with  some  of  the  chemical  analytical 
methods  indicated  in  the  appendix.  Product  solutions  may  be  concentrated 
by  distillation  and  the  residual  solution  checked  chemically  for  organic 
content.  If  this  concentration  was  nearly  complete,  very  reliable  mass 
spectrometer  analyses  could  be  available,  even  to  the  detection  of  other 
trace  constituents. 

Ultimate  carbon  analyses  of  these  concentrated  solutions  should 
be  re-attempted.  Failing  this,  it  may  be  feasible  to  use  a  50  cc. 
(approximate  figure)  sample  and  evapo2?ate  it  in  a  sealed  system,  dilute  the 
vapours  with  nitrogen  and  use  the  copper  oxide  furnace  as  a  means  of 
estimating  the  carbon  content. 

Titrations  with  mixed  indicator  should  be  carefilly  checked  with 
measured  weights  of  C.P.  Na2C0^  to  establish  the  true  endpoints.  This 
precaution  is  mentioned  because  faulty  analytical  technique  will  cause  a 


large  error. 
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Q  - 
U  - 

h  - 

^  - 
€  - 

A  - 

P  - 

X  - 

- 

t  - 

D  - 
De  - 

dh 

G 

A 

Cp 
k 
w 


Nomenclature 


steady  state  rate  of  heat  transfer,  BTG/hr. 

overall  heat  transfer  coefficient,  BTU/ (hr.)  (sq.ft)  (oF) 

convective  heat  transfer  coefficients  for  films,  " 

simplified  radiation  heat  transfer  coefficient,  ” 

emissivity,  dimensionless 

area  of  heat  transfer  surface,  sq.  f t- 

perimeter  of  section,  ft* 

length  of  section,  ft. 

log  mean  temperature  difference  (F®) 

temperature  (subscripts  G  for  gas,  b  for  bath, 

W  for  vjall,  c  for  indicated  temperature) ,  ^F 
diameter  of  circular  cross-section,  ft* 
modified  diameter  for  use  with  annuli,  ft  * 
diameter  of  helix,  ft • 

mass  velocity,  lb/ (hr) (sq.  ft. of  cross  section) 

absolute  viscosity,  lb/ (hr.)  (ft*) 

specific  heat  at  constant  pressure,  BT[J/(lb^  (^F) 

thermal  conductivity,  BTU/ (hr.)  (ft)  (^F ) 

mass  rate,  Ib/hr. 
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Represeniiative  Treatment  of  Ejjperimental  Data. 

Run  No  7-A 

Length  of  run  -  41.76  min. 

Pressure  -  100  pei p.. 

Bath  temperature  -  726*5  oF 
Average  inlet  temperature  -  TZ'PF 
Offgas  analysis  hy  Orsat  (per  cent  dry) 

CO  -  0*90  CO  -  1*22  Oj  -  1*15  Dnsaturate  -  0.70 
Total  volume  offgas  -  51»7  cu.ft-at  75°F  and  27*4  in.  Eg 
Vapoxor  pressure  of  vjater  -  0*90  in. Eg  at  759F 
Liter s/cu.  f t.  -  28*3 
Liters/gm-mol  -  22*4 
Calculations: 

Gm-mols  offgas  (dry)  =  51-?  (28.3)  (27..4_Ta..91(49ej  =  Slag, 

(22.4)  29.9  )  535) 

Nominal  reaction  time  (based  on  offgas) 

Transverse  reactor  area  =  0*104  sq. in. 

Reactor  length  a  24  ft* 

Velocity  of  gases  at  lUO  p^a^  and  727  F 

(51*7)  (1187)  Mk  -3*24  ft/scc. 

60  (41.76)  lOu  (535  )  0.104 

Reaction  time  -  24_-  2*91  sec . 

8*24 

Offgas  sampler 

Vol.  measured  0*0710  cu.ft.at  84  F  and  23*7  in. Eg 


-A-3 


Gin-mols  (dry)  _-^u.07l0  (28.3)  492 


-U.Q611 


(22.4)  544  (29.9  ) 


CO  removed  -  6.u  (0.0898  iS)  -  0.Qu0539  gm-mol 

"  1000 

Aldehyde  removed  -  t^tI 

therefore  ife  CO  in  offgas  -  0.000539(100)  -  0.87 

^  "  0.0611+  0.0005  ~ 

(checks  with  Orsat' analysis) 

Total  gm-mol  sampled  3  O.O616 

Ratio  of  offgas  to  sample  j;-  53.2  (0.985)  -  850 


0.0616 

(where  0.985  is  correction  factor  for  low  meter  reading) 
Carbon  balance;  basis  of  41.76  min.  operation 


Carbon  in  —  247  cc.C^Ii^Q  at  8cPF 

s  247  (0.590  )  4  10.0  gm-atom  carbon 

(58.08) 

Carbon  out 

as  COp  in  offgas  -  0.9o(53«2)  -  0.479 

100 

as  CO  in  offgas  -  1.43  (53.2)  -  0.760 

loo 

as  unreacted  hydrocarbons  in  offgas 
-  850  (11^.8)  0.0898  N  -  CO 


(1000) 


-  8.08 


8.84  -  0.76 


as  absorbed  products 

-  (1.146%  C)  (1755ml)  (sp  gr  1.0)  ^  2.01 

100% 

as  unabsorbed  products  -  nil 


..K  V  ,  c.. 


f 


% 


i  .  iV  ^  /I 


^  rr  ( 


i./  .  -y:..j.- 


-M  - 


therefore  gm-atom  carton  out  -  3.1,33 

Ratio  of  carbon  out  to  carbon  in  -  1.13 

Mjxisted  carbon  balance 

The  high  value  of  carbon  out  may  be  attributed  to  the 
unreacted  hydrocarbon  titration  and  the  carbon  balance 
will  be  adjusted  on  this  basis  ; 

Unreacted  hydrocarbons  -  10*0  -  0.48  -  0.76  -  2.01 

—  6*75  gm-atom  carbon 

gm-mol  unsaturates  in  offgas  =  o.7u(53*2)  s  0.37 

lOu 

Assume  unsaturates  are  (feH4 

gm-atom  carbon  in  unsaturates  2(0.37)  =0,74 

Assume  saturated  hydrocarbons  are 

gm-atom  carbon  in  saturated  -  6*75  -  0*74  z  6,01 

and  gm-mol  C^H,©  -  6.01  -  .1»^.0 

4 

Nitrogen  balance  ;  basis  of  41-76  min. operation 

Total  impurities  in  offgas  (by  Orsat)  -  3-9'/% 

Nitrogen  in  -  nitrogen  out  -  53*2  (IQp-^.^  -  1.50 

100 

-  51.0  -  1*50  -  49*5  gm-mol 
Inlet  gas  composition 

N2-  O2  ^^eed  contained  4.90fc  O2 

^  in  feed  n  49*5  gm-mol  r  90.75% 

[u  in  feed  =  4.90149.5)  r  2.55  ®  =4-67% 

95.10 
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in  feed  -  lo.o 

-  350  gm.mol  - 

4 

54.55  ® 

Space  velocity 

-  (cu.ft-at  NTP)  (  1  ) 

(hr. 

)  (cu-  ft.  of  reactor) 

-  54.5  (22.4i 

m.  iM.  =  3580.  1/hr. 

41.76  (28.3J 

24  (0.104) 

Feed  rate 

«  54.5  (60) 

(41.76) 

«  78.4  gm.mol  /hr. 

Knowing  the  feed  rate  and  the  total  gm-mol  of  useful  products 
in  the  aqueous  solutions,  the  following  converted  figures  may 


be  obtained 

Methanol  -  1.26  gm-mol/100  gm-mol  feed 
Ethanol  -  U.195  “ 

Acetaldehyde  -  0.533  ® 

Acetone  -  0.124  ** 

Formic  acid  -  nil  * 

Total  2.11 

Oxygen  balance  :  basis  of  lOO  gm-mol  feed 
Oxygen  in 

gm-mol  oxygen  =  4*67 

Oxygem  out 

as  unreacted  •=.  1.15  (53 •2)  lOU 

ICKT-  5475 

as  CO  5  -  0.479  (lOOl 

(54.5  > 

as  CO  r  0*76o  (lOOl 
2  154.5) 


=  1.12 

-  0.879 

-  0.697 
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as  methanol 


as  ethanol 


1.26 

2 

0.195 


as  acetaldehyde  a  o.$33 

“T“ 


as  acetone 


2  ~ 


s  0.63 
s  0.097 

s  0.266 

=  0.062 


gm-inol  oxygen  out  3*7^ 

therefore  gm-mol  water  (ly  difference)  ~  1.S4 
I^ydrogen  "balance;  basis  of  100  gm-mol  feed 


Hydrogen  in 

gm-mol  hydrogen  -  2.50 

(5)  lou  - 

22.9 

54.5 

Hydrogen  out 

as  unsaturated  h.c. 

0.37  (2)  lou 

s  1.36 

54.5 

as  saturated  h.c.  3 

1.50  (5)  100 

-  13.8 

54.5 

as  methanol  = 

1.26  (2) 

=  2.52 

as  ethanol  ; 

0.195  (3) 

-  0.585 

as  acetaldehyde  «» 

0.533  (2) 

SB  l.o7 

as  acetone  = 

0.124  (3) 

=  0.372 

as  water 

=  1.84 

L-m-mol  hydrogen  out 
Yields:  basis  of  100  gm-mol  feed 


CO2  =  0.S8  gm-mol 
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CO  r  0.70  gm-mol 

Useful  Products  2.11  " 

Thermal  data 

Heat  of  Heaction 

The  heat  evolved  during  the  reaction  may  be 
calculated  from  heat  of  formation  and  heat  capacity 
data  obtained  in  the  literature  and  applied  to  the 
experimental  data*  An  enthalpy  balance  across  the 
reactor  and  based  on  100  gm-mol  feed  indicated  the 
total  heat  liberated. 

Referring  to  an  enthalpy  of  zero  for  the 
elemental  state  at  25^0  (77°F)  and  1  atm,  C  =  solid, 

02  =  gas,  =  gas,  ^2  =  gas  and  neglecting  the 

change  in  enthalpy  resulting  from  an  increase  in  pressure, 
the  folloTdng  net  molar  enthalpies  were  used; 
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Compound 

AH  Formation 

kcaVgm-mol  at 
770*^,  1  atm. 

Sensible 

heat 

at  725®F 
kcal/gm-mol 

Net  enthalpy 

kcal/gm-mol 

Reference 

N2 

0 

2.46 

2.46 

(1)  Cp-6.5+0.001  T 

02 

0 

2.66 

2.66 

(1)  Cps  8.27+0.0002581' 
-  137700/t2 

*  C4H10 

-29.81 

11.35 

-13.46 

(2) 

^  02H4 

12.50 

5-85 

13.35 

(2) 

HaD 

-57.80 

4.69 

-53.11 

steam  tables 

C02 

-94.05 

3.74 

-90.31 

(1)  Cp  -  10.34+ 
0.00279T 
-  195500/t2 

CO 

-26.42 

2.53 

-23.89 

(1>  Cps6.60  +  0.0035T 

CH30H 

-48.08 

♦  * 

5.77 

-42.31 

(3)  Cp  -  0.50  cal/gm 
extrapolated 

C2H50H 

-52.23 

3.29 

-43.94 

(3)  Cp  =  0.50  cal/gm 
extrapolated. 

CH3CH0 

♦  •■r 

-39.72 

7.13 

-32.59 

(3)  Cp  «  0.45  cal/gm 
extrapolated 

CH3COCH3 

-51.79 

9.50 

-42.29 

(3)  Cp  s  0.45  cal/gm. 
extrapolated 

HCOOH 

t+ 

-36.67 

9.52 

-77.15 

Cp  s  0.45  cal/gm 
estimated 

<  Unreacted  saturated  hydrocarbons  assumed  n-C4Hio 
**  Heat  capacity  data  at  elevated  temperatures  not 
available  and  so,  data  used  may  be  unreliable 
Uhreacted  unsaturated  hydrocarbons  assumed  C2% 
No  heat  capacity  data  for  gaseous  formic  acid 
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Enthalpy  balance 

over  reactor  :  basis  of  lOU 

gm-mol  feed 

Feed  gas 

gm-mol 

.A? 

Off  gas 

gm-mol 

^  H 

N2 

90.75 

223 

N2 

90.75 

223 

^2 

4.67 

12.4 

O2 

1.12 

2.99 

C4H10 

4.58 

-a4.4 

C4H10 

2.76 

-50.9 

C2H4 

0.68 

12.5 

H2O 

1.84 

-97.3 

C02 

0.8'79 

-79.4 

CO 

1.39 

-33.4 

CH3OH 

1.26 

-53.3 

C2H5OH 

0.195 

-8.6 

CH3CHU 

0.533 

-17.4 

CH3COCH3 

0.124 

-5.2 

HCOOH 

— 

- 

235.4  -84.4.  ■ 
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A%  =  +151.0  AH2  =  -107.5 

therefore,  AH  of  reaction 
-  4H2  “  AHl 

z  •”  107.5  —  151.0  —  —  258*5  kcal/lOO  gm«^ol 

of  feed 


Reaction  Temperature 

For  Run  No.  7-A,  the  foliating  average  temperatures  were 
recorded: 


Op 

felax.  Variation 

Mean  Deviatio: 

Reactor  entrance 

727 

722-731 

1 

6  ft.  in  reactor 

788 

77U-796 

5 

12  ft.  in  reactor 

741.5 

732-744 

3 

18  ft.  in  reactor 

728 

726-730 

0.4 

Reactor  exit 

728 

727-730 

0.3 

Bath 

726.5 

726-727 

0.5 

Because  of  the  small 

sectidh  of 

the  thermocouple  well  which 

exposed  to  the  gases 

within  the 

reactor  tube. 

an  attempt  was 

made  to  correct  the  recorded  temperature  for  errors  caused  tiy  the 
heat  losses  from  the  well  through  conduction  and  radiation.  The 


following  equation 
derivation  is  also 
At  = 


was  developed  for  this  purpose  and  its 
included  in  the  Appendix: 

(tc  -  tw)  r Cosh  ml  +  1) 

(  Gosh  ml  -  1) 
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Application  of  the  equation  involved  the  following  steps: 

1.  The  corrected  temperature,  tg  ,  was  estimated 

2.  Using  the  reactor  ^s  and  bath  film  coefficients 
and  bath  and  gas  temperatures,  t^  was  estimated. 

o  6 

3.  The  value  of  h^  was  calculated  from  h^  ^  5,95  ^  * 

4*  The  value  of  h  was  obtained  from  a  graph  in 
McAdams,  *Heat  transmission'". 

5.  From  these  values,  the  equation  was  solved. 

6.  If  the  calculated  tQ  did  not  correspond  with  the 
estimated  value,  the  procedure  was  repeated  using  the  new 
value  for  tg 

For  Hun  No.  7-4.,  the  following  corrected  temperature 
profile  was  obtained: 

jsn trance  6  ft »  12  ft.  IS  ft.  iiad.t 


727 


805 


746 


728 


728 
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limlytical  Methods 

Determination  of  unabsorbed  aldehydes 

Dodgel  and  co-workers  mention  use  of  2,/.- 
dinitrophenylhydrazine  as  a  means  of  quantitative 
determination  of  aldehyde  and  ketone  vapours.  This 
procedure  involved  precipitation  of  the  carbonyl 
molecule  by  contact  with  a  solution  of  the  phenylhydrazine . 

The  solution  used  in  the  fritted  glass  bubbler  was 
prepared  by  acidifying  a  nearly  saturated  2,  4  -  dinitro- 
phenylhydrazine  solution  until  2  N  with  hydrochloric 
acid.  The  acid  was  added  to  eliminate  possible  CO2 

absorption. 

In  using  this  method,  the  fritted  glass  bubbler  vra.s 
found  to  plug  with  the  precipitate  and  so,  another  preliminary 
bubbler,  containing  distilled  water,  was  used  to  dissolve  the 
major  part  of  the  dldehyde  -vapour.  The  precipitate  was  largely 
formed  when  the  two  bubbler  solutions  were  combined  upon 
completion  of  the  reaction  run. 

The  precipit8.te  was  measured  gravimetricsJ-ly  but  for 
accurate  work,  neither  the  method  nor  phenylhydrazine  are 
recommended  because  of  the  slight  solubility  of  "the  aldehyde 


1  Bnetton,  VJan  and  Dodge,  Ind.  Jiiig.  Chem.,  44>  594  (1952) 
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phenylhydrazones  in  ■wa'ber.  Acetone  vapours  would  introduce 
even  larger  error  because  of  the  greater  solubility  of  this 
precipitate.  These  last  factors  were  noted  when  tests  were 
performed  on  blank  solutions. 

interpreting  the  results,  all  of  the  precipitate 
vra,s  assumed  to  be  acetaldehyde  This  assumption  is  not 
unreasonable  when  considering  the  large  difference  in  volatility 
between  acetaldehyde  and  the  balance  of  the  useful  products. 
Preparation  of  CuO  catalyst 

Commercial  grade  copper  oxide  catalyst  pellets  were 
tested  and  found  to  be  inefficient  for  oxidation  of 
hydrocarbons  at  elevated  temperatures.  A  more  sensitive  catalyst 
containing  one  per  cent  iron  oxide  was  prepared  in  the 
following  manner: 

Jjliough  Cu  (.NQ3)2  (N03)3  were  dissolved  in 

three  liters  of  distilled  water  to  give  lUU  gm.  of  99*1 

Cuu  -  F®2'^3  which  30  per  cent  KuH  was  added  until  slightly 

in  excess.  The  mixture  was  boiled  for  20  minutes,  cooled  and 
the  precipitate  washed  by  successive  decantations.  The  mixture 
was  then  filtered,  and  while  moist,  the  precipitate  was 
pressed  into  small  pellets.  These  pellets  were  dried,  reduced  with 
H^at  4U0°C  and  re-oxidized  with  air  at  400*^0.  Too  rapid  oxidation 
T 1  cause  development  of  high  temperatures  resulting  in  sintering 
of  the  catalyst. 


It 
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Vs]:»n  used  at  700  C,  this  catalyst  was  far 
superior  to  the  conmercial  CuO  catalyst,  oxLdiziDg 
quantitatively  all  hydrocarbons  and  carbon  monoside. 
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^reparation  and  use  of  mixed  indicator 

In  titrating  the  KUH  bubbler  solutions,  use  of 
phenolphthalein  and  methyl  orauge  indicators  in  successive 
titrations  gave  unreliable  results.  The  phenolphthalein 
end-point  was  never  clearly  indicated  but  "faded®  in  the 
course  of  the  titration. 

To  avoid  this,  a  mixed  indicator  which  gave  an 
end-point  over  a  smaller  pH  range,  8.2  -  8.4,  was  used.  The 
stoichiometric  point  where  one  mole  of  hydrogen  ion  has  been 
added  per  mole  of  carboimte  ion  occurs  at  pH  -  8.4*  The 
colour  change  of  the  mixed  indicator  extends  from  violet  to 
yellow,  the  latter  colour  indicating  a  pH  of  8.4.  The 
resulting  yellow  colour  is  of  the  same  intensity  as  that  of 
aUcaline  methyl  orange  and  does  not  obscure  the  methyl  orange 
endpoint  which  is  orange. 

The  methyl  orange  endpoint  was  taken  at  the  first 
€|ppearance  of  an  orange  tinge.  The  titration  between  the  two 
end-points  was  taken  as  directly  equivalent  to  CO2  on  a  mole 
basis.  To  reduce  errors,  the  N/lO  HCI  was  standaixiized  with  dry 
C.P.  Na2C03  using  methyl  orange  and  mixed  indicators.  Blanks 
were  always  run  on  the  3N  KOH  solutions  used  for  COg  absorption. 

The  blank  value  was  deducted  from  the  measured  HCI  required  to  titrate 
the  sample. 

The  mixed  indicator  was  prepared  as  follows: 

1  pt.0.1v&  Cresol  red  sodium  salt  in  H2O 

3  pt.  0.1%  Thymol  blue  sodium  salt  in  H2O 
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Ultimate  carbon  analysis 

The  standard  ultimate  carbon  procedure  was  modified 
for  application  to  volatile  organic  liquids.  The  standard 
apparatus  consists  of  a  horizontal  tube  which  is  placed  within 
a  furnace.  A  measured  amount  of  sample,  when  placed  within  the 
tube,  is  oxidized  with  an  oxygen  stream, CO2 -free  and  dry,  at 
the  necessary  furnace  temperature.  The  stream  of  gases  then 
pass  over  a  series  of  metallic  oxide  catalysts  to  complete  the 
conversion  of  carbon  to  COg*  The  vra,ter  and  COq  vrere  removed 

after  leaving  the  tube  with  a  MgCl2  drying  tube  and 
concentrated  KUH  and  Ascarite  absorber.  The  CUq  v/hich  was 
absorbed  was  determined  gravimetrically . 

To  oxidize  organic  liquids,  a  sample  of  the  liquid 
was  weighed  in  a  small  high-temperat\ire  glass  tube  filled 
with  an  inert  porous  material  such  as  kieselguhr,  held  in 
place  with  asbestos  pads.  Rubber  caps  were  fitted  over  the 
ends  of  the  tube  and  they  were  only  removed  prior  to 
inserting  the  sample  tube  in  the  furnace. 
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Literatiore  iteview  of  Inalytical  Methods. 

Useful  oxygenated  organic  products  from  the  partial 
butdne  oxidation  process  were  recovered  as  aqueous  solutions. 
However,  efficient  op€iation  of  the  Absorption  tower  with  a  lean 
feed  gas  required  large  water  to  product  ratios.  Yiith  product 
samples  obtained  in  preliminary  runs,  Duthie  attempted  to  find 
the  nature  and  quantity  of  the  solution  constituents.  Chemical 
analysis  involved  Romijn*s  cyanide  method  for  formaldehyde  (25) 
and  direct  titration,  with  standard  caustic,  of  total  acids. 
Separation  of  the  compounds  was  attempted  ty  fi^ctionation  in  a 
Podbielniak  I^rptrcal  Unit*  Physical  measurements  such  as 
refactive  index  were  taken  of  these  distillation  cuts  but  the 
estimated  analyses  which  he  presented  were  rather  questionable, 

A  literature  search  was  now  made  for  quantitative 
specific  and  group  chemical  methods  which  were  applicable  to 
analysis  of  the  product  solutions  and  distillation  fractions. 

Later  distillation  attempts  shov/ed  that  the  products  constituted  too 
low  a  percentage  of  the  total  volume  of  liquid  to  obtain  sharp 
quantitative  separatiors. 

Failure  of  the  distillation  separation  and  absence  of 
any  preliminary  Identification  wo±k  on  the  products  resulted  in 
turning  to  the  mass  spec troDie ter  as  a  means  of  identification  and 
quantitative  determination.  Accordingly,  representative  product 
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samples  were  sent  to  the  Analytical  Service  Department  of 
the  Consolidated  ^gineering  Corporation,  Pasadena, 
California,  for  mass  spectrometer  analysis. 

The  earlier  work  which  involved  a  literature 
survey  for  chemical  analytical  methods  and  some  testwork 
on  the  selected  methods  was  not  used  advantageously. 

However  a  summary  of  this  survey  is  included  in  this  report 
in  the  hope  that  it  may  be  of  future  value. 


'•>  r ■■  0 irtiv,£«rL't. >>.R>i-.  '•’i,'-.  1.  1*00. 

‘V; 

:  ..  ,  ’i.  .i' iC  L}'d^i>^lIoh.i:n7^  O'L^ 


■.,v''niz>  'f' J  - jT-;:;  vrr_  j  -.I'l  ,  fJjf'ioli-’.AO 


.  iCL  iivs  .  Vi.’  i-idiruvrl.  'lo'l  ';».v  'ya 

i 

j  rcjjt  X  ;  .1'  ^c-r  t  i-'  L'bodJ'JW  ■  v..' auiv*..  odv  no 

4 

,n  ,  i-J-  .t  i  ^  V  .L'i  r.hiJ  “i  .'ftv.  j  "  .•  'I’lViv.’/oH 


-A18- 


The  literature  search  was  focused  upon  specific 
and  group  methods  of  analyzing  aqueous  mixtures  of  organic 
alcohols,  acids,  ketones  and  aldehydes. 

Alcohols 

The  chemical  determination  of  alcohols  in  aqueous 
solutions  appears  very  difficult  because  the  presence  of 
water  eliminates,  in  most  cases,  approaches  involving 
substitution  reactions  with  the  alcohol  hydroxyl  radical. 

Only  one  procedure  was  noted  which  seemed  generally 
applicable.  Fischer  and  Porter  (8)  devised  a  quantitative 
procediire  applicable  to  methanol  and  ethanol,  and  vdiich  with 
some  modification  wo^old  be  applicable  to  propanol.  The 
reactions  involved  are  as  follows: 

CH3OH  +  HNO2  CH3N02'^  +  H2O 

CH3NU2  2HI  12  -P  2  HO  2H2O 

X2  2  Na2  *32  ^3  ^  ^a^ 

The  alcohol  is  liberated  from  the  solution  as  a  volatile 
nitrite  which  oxidizes  HI  to  free  iodine  which  in  turn  may  be 
titrated  directly  with  standardized  Na2  S2  O3.  Methanol  and 
ethanol  form  nitrites  volatile  at  room  temperature  and  the 
actual  separation  occurs  when  these  nitrites  are  liberated. 

AppUcation  to  propanol  (b  p^  NO2  5'PC}  appears  feasible 

unless  its  reaction  rate  is  too  retarded.  Chalov  and  Volskaya 
(6)  have  modified  this  method  to  speed  up  the  procedure  and 
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minimize  the  equipment  required  but  the  accuracy  of  the 
method  may  be  reduced. 

If  the  alcohol  is  solid  or  nearly  pure, 
esterification  techniques  (19)  involving  use  of  acetyl 
chloride,  acetic  onhydride  or  phthalic  anhydride  in  inert 
solvents  are  applicable,  e.g. 

.  .e-OA/  C-W  -  CH^COOR 

^  \^/  ' — ^  c/ 

ortrf^f  ct  foftde  u 

^  H-OH  — C//sCOO/^ 

This  exB.mple  procedure  (22) carried  out  in  an  inert  solvent 
such  as  toluene  may  be  used  if  very  little  water  is  present 
and  it  minimizes  the  unfavourable  effects  of  low  molecular 
weight  aldehydes,  iirror  is  introduced  ty  some  esters  and 
easily  hydrolyzed  compounds  which  release  acidic  or  basic 
constituents.  However,  acids  could  be  determined  separately 
or  corrections  applied  for  some  types  of  interfering  compounds. 

Many  workers  (1,21,5)  discuss  oxidation  methods 
where  the  alcohol  is  oxidized  to  an  aldehyde,  acid,  or 
completely  to  a  carbonate  but  little  mention  is  made  of 
quantitative  results,  in  these  procedures,  strong 

R-  CH2OH  R-CHO  R-CUOH  ■  I  ■  I  CO2 

oxidizing  agents  are  required  and  their  application  to  a 
mixture  of  alcohols  appears  unreasonable  because  of  the  variety 
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of  products  formed  and  the  varying  degrees  of  oxidation 
■vdiich  are  possible.  If  the  aldelQrdes  were  not  separated  from  the 
alcohols  initially,  their  oxic^tion  would  also  obscure  the 
results.  However,  should  an  oxidation  technique  be  found 
applicable,  Stamm  (24;  discusses  a  newer  controlled 
oxidation  reaction  using  permanganate  in  slightly  alkaline 
media,  e.g. 

MnU^  -  le 

No  mention  is  made  of  specific  results  from  oxidation  of 
organic  moletniles. 

Another  recent  approach  (13) >  discussed  but  not 
directly  applied,  involves  use  of  Karl  Fischer  reagent  in 
determining  the  hydroxyl  radical.  This  procedure  appears 
feasible  only  with  very  low  water  content  in  samples  or  when 
water  content  may  be  measured  separately* 
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Aldehydes  and  ketones 

The  majority  of  reactions  vdth  this  family  of 
compounds  involve  the  more  active  carhonyl  group  linked  to 
an  alkyl  radical  and  hydrogen  atom  or  to  two  aJfckyl 
radicals*  hflany  well  known  aldehyde  reactions  such  as  action 
with  Fehling's  Solution,  Tollen’s  Reagent,  or  Schiff*s 
Reagent  may  be  used  as  qualitative  tests  but  do  not  appear 
directly  applicable  quantitatively  because  of  possible 
interferences  in  complex  mixtures  of  organic  compounds, 
liasily  oxidized  compounds  react  with  Fehling*s  and  ToUen’s 
tests.  Acetone  will  also  react  but  more  slowly  with  SchiCf’s 
Reagent.  The  haloform  reaction  is  applicable  only  to 
compounds  having  a  methyl  carbonyl  group  such  as  acetaldehyde 
and  acetone.  In  any  case  when  an  unknown  mixture  of  products 
is  involved,  results  of  these  tests  could  be  misleading. 

Methods  which  appear  directly  applicable  involve 
addition  reactions  with  the  carbonyl  group  with  or  without 
expulsion  of  water.  Siggia  and  Maxcy  (2U)  have  modified  the 
wellknown  bisulfite  reaction  so  that  it  is  volumetric, 
quantitative  and  specific  for  aldehydes  providing  ketones 
present  are  less  than  10  mol  per  cent. 

R-CHU  4-  Na2SU3+H20^  ^ 

Acdtals  do  not  interfere.  This  method  was  tested  with 
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formaldehyde  and  acetone  solutions  and  fotind  to  be  quite 
satisfactory.  Mtchell  and  Smith  (14)  have  modified  the 
application  of  Tollen's  jieagent  for  the  determination  of 
aldehydes  in  the  presence  of  ketones.  Their  method 

R-GHO  -t  AgpO  R.COOH  21g 

titrate 

gives  low  results  for  formaldeyde  and  acetaldehyde 
determinations  require  a  special  technique  because  of  its 
volatiDnty.  The  reaction  of  both  aldehyde  and  ketones  with 
hydroxy iamine  has  been  studied  and  volumetric  techniques 
developed.  Bryant  and  Smith  (4)  have  reported  a  procedure 
requiring  titration  of  the  HCl  released  in  the  reaction  wliich 
is  carried  out  in  a  pyridine  environment.  Steric  hindrance 
however  prevents  reaction  with  methyl  carbonyl  groups  and  strong 
acids  will  interfere  with  the  titration,  in  a  later 
application.  Smith  and  Mitchell  (23)  alter  the  method  so  that 
it  is  generally  applicable  and  acetals  may  also  be  determined 
separately.  iTie  reaction  is  carried 
Wh2^H.  MCI  +  RCHU -»'RC(H); 

NH2OH.  HCI  •»-  RCOR»^RR'C  -  N0HtH2GtHCI 

out  in  alcohol  and  the  presence  of  up  to  10  ml*  of  water  may 
be  corrected  with  a  blank  determination.  This  latter  procedure 
was  also  tested  and  found  to  be  satisfactory  for  butane  product 
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Reynolds  and  irwln  (17)  have  published  a  review 
of  analytical  methods  for  detemiining  formaldehyde  and  other 
aldelQrdes  and  some  of  their  references  which  were  consulted 
are  included  ia  this  article.  (Quantitative  separation  of 
aldehydes  by  crystallization  as  copper  salts  of  hydroxamia 
acid  in  the  ihigeli-Rimini  reaction  (18)  was  mentioned. 

The  reactions  discussed  so  far  involve  group 
determinations.  However  some  claims  are  nade  for  specific 
reactions.  Walker  (25)  has  improved  Homijn's  cyanide  method 
for  specific  deteimination  of  formaldehyde.  Ice tone  greater 
than  50  mol  per  cent  and  acetaldehyde  above  five  mol  per  cent 
are  said  (17)  to  interfere.  1  more  recent  method  (3)^  based  on 
a  colorimetric  determination  with  chromo tropic  acid,  is  simpler 
and  the  only  interference,  that  of  acetaldehyde,  may  be 
eliminated  by  increasing  the  ratio  of  reagent  to  formaldehyde. 

Use  of  u-nitro  benzaldehyde  or  salicyl  aldehyde  for  specific 
colorimetric  determination  of  acetone  is  claimed  (12)  but 
another  iwference  (11)  indicates  this  reaction  is  specific  for 
any  methyl  ketone  and  that  acetaldehyde  will  also  react.  A 
specific  colorimetric  test  for  acetaldehyde  is  mentioned. 

9)  but  the  only  procedure  located  (17)  states  ^... 
to  aldehyde  solution  add  saturated  solution  of  piperazine  hydrate 
and  four  per  cent  solution  of  sodium  nitroprusside.  The 
intensity  of  blue  colour  developed  is  measured  on  an  absorptiometer 
with  light  of  wavelength,  57UOA°.  This  method  appears  sxmiliar 
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to  Legal ‘s  or  Rothera's  tests  (10a)  for  acetone  using 
soditm  nitroprusside  in  alkaline  media. 

Oxidation  techniques  mentioned  earlier  (16,24)  niay 
be  applicable  bat  they  are  subject  to  the  same  criticisms  when 
applied  to  complex  solutions. 

Other  methods  for  aldehyde  determination  use  a 
polarograph  or  chromatographic  absorption.  The  former  technique 
is  claimed  satisfactory  (2,26)  for  formaldehyde  and 
acetaldehyde  bat  the  presence  of  other  compounds  with  close  half¬ 
wave  potentials  may  alter  its  utility.  No  immediately 
applicable  chromatographic  method  was  located  in  the  literatare. 

Acetals  may  also  be  estima.ted  in  Smith  and  Mitchell's 
oxime  procedure  (23)  for  aldehydes  and  ketones. 
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Acids 


Neutralization  of  the  acids  with  standard  alkali 
solutions  represents  the  simplest  means  of  quantitative  determination. 
The  presence  of  aldehydes  may  interfere  with  a  direct  titration 
of  the  aqueous  solution  iy  obscuring  the  true  endpoint.  Ho?:ever, 
Mitchell  and  Smith  (23)  also  state  that  aldehyde  interference  may 
be  eliminated  by  titration  with  alcoholic  KOH  in  an  alcoholic 
medium.  The  pH  should  be  obtained  potentioraetrically  when  the 
true  endpoint  is  unknown. 

Esters  may  be  saponified  with  standard  alkali  and 


back- titrated  under  similiar  conditions. 
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Heat  Transfer  from  the  Reactor , 

The  bitane  oxidation  reactor,  a  helical  coil,  was 
immersed  in  a  bath  of  boiling  Aroclor  and  the  heat  evolved 
from  the  reaction  within  the  coil  was  transferred  from  the 
gases  to  the  bath  which  was  at  a  constant  lower  temperature. 

Some  knowledge  of  the  gas  and  bath  film  heat  tiransfer 
coefficients  was  required  to  interpret  the  nature  of  the 
reaction  properly.  Dumo  and  Hantho^  calculated  heat  transfer 

coefficients  from  experimental  data  obtained  ty  heating  and 
cooling  air  in  the  butane  reactor.  Later  work  indicated  that 
their  values  for  the  coefficients  might  be  inaccurate  because 
the  temperatures  used  were  subject  to  error.  The  thermocouple 
wells  ucod  for-  -the-thermogo^les*  were  influenced  by  heat  losses 
through  the  well  wall  and  also  by  radiation  to  or  from  the 
reactor  wall.  Accordingly,  an  attempt  was  made  to  conrect  the 
temperatures  and  the  heat  transfer  coefficients  were  recalculated 
on  this  basis. 

Their  experimental  work  involved  heating  or  cooling 
the  air,  flowing  at  a  known  mass  rate  asid  in  the  reactor  coil 
and  recording  the  steady-state  temperatures  at  the  reactor 


1  Durno  and  Hantho,  CRR  83  Report,  universits^-  of  Alberta,  1953 
“Heat  Transfer  from  gases  within  a  coil  to  a  surrounding  Bath” 
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entrance  and  at  six  ft.  intervals »  In  overall  coefficient 
calculated  from  a  heat  balance  over  the  appropriate 
sections  and  use  of  the  modified  Fourier  equation 

^  using  equations  corelating  heat  transfer  coefficients  and 
developed  liy  other  investi^tors,  a  value  for  the  gas  film 
coefficient  was  estimated.  Kno^jing  the  overall  and  gas  film 
coefficients,  the  bath  film  coefficient  was  calculated  using  the 
series  resistance  to  heat  transfer  concept. 

Temperature  corrections 

The  inlet  thermocouple  well,  No.  2,  was  inserted 
co-axially  within  the  reactor.  From  a  steady  state  energy 
balance  across  a  unit  well  surface  area,  neglecting  conduction 
along  the  well  because  of  its  length,  the  following  equation 
results: 

tQ  -  t^j  -  hj€  (tg  -  ) 

l^c 

Values  of  hj.  can  be  estimated  from  a  chart*^  relating  simplified 
radiation  coefficients  to  surface  temperatures.  The  convective 

heat  transfer  coefficient,  he,  may  be  estimated  from  the  Dittos- 
Boelter  equation  applicable  to  the  heating  or  cooling  of  average 
gases  at  turbulent  conditions  and  the  use  of  an  equivalent 
diameter  , 

h  De  -  0.023  |De  G)Q*^(Cga)Q*^ 

—  ■  (  (3=7 

The  value  of  h^  obtained  was  assumed  applicable  to  both  surfaces 
2  McAdams,  *Heat  Transmission",  Me  (iraw-idill,  1942,  p.63 
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of  the  anniilar  space.  For  well  No.  2. 

Di  r  0.25  in. 

Dg  -  0.364  in.  ,  Dg  =  “  D1 


Q.IU  ft. 
12 


and  G  =  Ws-  -  W  (144)  4 


A  7r(  (0.364)2  -  (0.25: 


<  ‘’T 

k  -  0.0295  BTU/hr.)  (sq.ft*)  per  foot) 


2620  1(1  lb/ (Ini)  (sq.  ft) 


jx  2  0.031(2.42)  lb/(sec-)(ft) 
Cp  -  0.26  BTU/(lb)(OF) 


Substitution  of  the  values  for  D©  and  G,  the  average  properties 
of  air  at  a  temperature  of  750®F,  in  consistent  dimensions, 
reduced  the  equation  to  the  form 

bg  z  6.30 


Corrections  applied  to  thermocouple  No.  3,  6  ft. from 
thermocouple  No.  2,  were  obtained  from  the  other  temperature 
correction  derivation,  shown  in  the  appendix,  for  a  well  placed 
normal  to  the  direction  of  flow  and  corrected  for  radiation  and 
conduction. 

Calculation  of  film  coefficients 


The  gas  film  heat  transfer  coefficient  for  the  reactor 
was  calculated  ty  two  methods,  the  average  of  which  being  used. 

a.  Dittus  -  Boelter  equation  applicable  to  highly 
turbulent  fluids  in  a  straight  pipe 
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b.  Jeschke  equation  for  the  cooling  of  air  in 

helical  coils  at  turbulent  flow  up  to  Jrieynolds  Wo  of  150,000 

M  =  (  0.039  +  0.138  D  )  (D  G  Cp  )  0.76 

k  (  iC  )  (  k  ) 

Average  values  for  the  properties  of  air  were  used  in  the  above 
equations. 

Recalculation  of  the  escperimental  data  is  shown  in  the 
attached  table: 
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Cooling  air 


Hun  No. 

4-1 

4-2 

W  Ib/hr. 

4*08 

8.16 

te2  “f’ 

877 

906 

tc3 

695 

701 

tb  ®F 

692 

691 

For  thermocouple  well  No 

.2. 

t^°F  (est.  using  794 
hferocloi^  ;2f) ) 

838 

6.3u 

19.5 

34.0 

hr6 

13.5 

14.4 

tQ2  (corrected)  ®F 

935 

935 

For  thermocouple  No. 3: 

he  (at  wall-averagelO.3 
of  D.5.  &  Jes. 

>fig*ns)  693 

t^  ^  (est.  using 
harodor  =25) 

18.6 

695 

hj-e 

11 

11 

ho  (for  thermo¬ 
couple  well) 

70.5 

107 

Uosh  ml 

3.93 

5.5 

(corrected^)  696 

703 

To  obtain  coefficients: 

ATI  -  F° 

243 

244 

AT2  -  F® 

4 

12 

ATl.M. 

58.3 

77.0 

Temp,  drop  of  gas 
-  F° 

239 

232 

iLSE 

1.382 

3.76 

Ai 


Heating  air 


4-3 

5-1 

5-2 

5-3 

12.24 

4.045 

8.090 

12.135 

871 

377 

351 

310 

707 

704 

695 

684 

692 

708 

707.5 

706 

827 

544 

483 

429 

46.7 

19.2 

33.3 

45.2 

13.5 

8 

7.5 

7 

884 

307 

321 

291 

25.3 

10.2 

17.5 

24.0 

699 

706.5 

702 

692 

11 

10 

10 

10 

136 

70.1 

106 

135 

7.1 

3.60 

5.31 

6.91 

709 

702.2 

692 

681 

192 

401 

386.5 

415 

17 

5.8 

15.5 

25 

72.4 

99.1 

116 

139 

175 

395 

371 

396 

5.65 

1.86 

3.72 

5.58 
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Cooling  air  Heating  air 

Run  No. 


U  s  V^Cp(tG2~tG3)  7.7 

Ai 

10.9 

13.7 

7.8o 

11.9 

15.7 

hc(gas  film  coeff)  10.8 

18.6 

25.3 

10.2 

17.5 

24.0 

(b^h  film  coeff)  27.3 

26.0 

29.9 

33.2 

37.2 

45.4 
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The  calculated  hath  coefficients  were  found  to  be  of 
the  order  27  to  45  BTU/^ir.)  (sq.ft^  (**Fy  being  slightly  lower 
when  the  air  was  being  cooled*  As  calculated,  they  show  a 
slight  increase  with  increasing  mass  flow  rate* 

Use  of  the  Jeschke  and  Dittos  -  iJoelter  equations 
for  determining  an  air  film  coefficient  may  introduce  some 
error  but  no  other  alternative  was  available*  The  pressure 
drop  in  a  coil  due  to  fluid  friction  is  greater  than  for  a 
straight  pipe  of  equal  diameter  because  of  the  added  turbulence* 

As  would  be  expected  the  heat  transfer  coefficient  then  should 
be  greater  for  "the  coil*  The  Jeschke  equation  shows  increased 
values  of  h  compared  to  those  obtained  with  the  Dittus-Boelter 
equation  which  perhaps  represents  a  minimum  value  for  the  air 
film  coefficient*  Because  the  Jeschke  equation  was  based  upon 
data  which  ranged  up  to  DG/U  of  150, UUU  and  the  actual  reactor 
conditions  only  reached  a  calculated  value  of  DG/U  of  8-10,000, 
an  average  of  the  two  calculated  air  film  coefficients  was  chosen  as  a 
closer  approximation  of  the  true  value. 

The  transitional  flow  region  boundaries  applicable  to 
flow  in  the  coil  are  not  established  and  at  the  low  flow  rates, 
the  calculated  coefficients  may  be  too  liigh* 

The  data  obtained  by  Dumo  and  Hantho  may  yet  be  subject 
to  error*  From  the  study  of  the  reaction  temperature  profiles, 
corrected  gas  temperatures  which  are  considerably  greater  than  the 
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bath  temperature  are  believed  to  be  still  low.  i.s  a  result 
the  overall  and  the  lath  film  coefficients  may  be  too  large. 

The  measurement  of  flow  rates  was  not  subject  to  error  because 
the  displacement  meter  was  accurately  calibrated  and  the  use  of 
air  provides  a  fluid  whose  properties  are  well  known. 

The  important  factors  to  be  considered  in  the  reactor 
heat  transfer  stem  from  the  facts  that  neither  gas  nor  tilth  film 
are  controlling  and  that  the  use  of  low  flow  rates  may  cause 
overlap  into  the  transitional  flow  region. 
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Thermocouple  Corrections 


The  reactor  coil  contained  tliree  theiTnocouple  wells 
which  were  placed  normal  to  the  flow  of  the  gases,  ^cause  the 
well  surfaces  in  contact  with  the  gases  were  very  small  and  one 
end  of  the  well  was  attached  to  a  surface  cooler  then  the  gases, 
errors  in  temperature  measurement  were  suspected.  An  atten^it  was 
made  to  correct  the  recorded  thermocouple  temperature  for  error 
introduced  through  heat  losses  conduction  and  radiation. 

Consider  a  small  section  of  the  well  illustrated  in  the 

A 


diagram:  | 

4.' 

L 

t' 

/ 

X 

u 

Perimeter  of  well  -  P  ft. 
Cross-sectional  area  of  well  (metal  only) 

Thermal  conduct! tivity  of  vrell  metal 
Temperature  of  wall  -  t^  °R 


-  A  sq.ft. 

-  k  BTU/(h2:)(ftv('^F) 


Temperature  of  well  at  distance  X  from  wall  -  t  °R 
Temperature  of  well  at  distance  L  from  wall  -  t©  R 
Total  length  of  well  -  L  ft. 

Heat  transfer  coefficient,  gas  to  well  —  hg  BTU/(hii)  (sq.ft)  (®F) 
Emissivity  -  6 

Neglecting  the  heat  introduced  in  the  additional  surface  on  the  tip 
of  the  well  and  radial  thermal  gradients  in  the  well,  a  heat  balance 
over  the  differential  section  of  length,  dx,  (defining  heat  in  as 


positive)  shows 
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^  ^  •  dx  +  hj^P.dx  (tQ“t) 

dx^  ( 

+  0*1736  P,  dx  (  Ctw  14  ft  ) 

(  ^'lOO f  j  S  0  ••«(l) 

The  use  of  absolute  iiemperatures  to  the  fourth  power  imy  be 
eliminated  by  introducing  a  ®radiation  coefficient  of  heat 
transfer”,  i.e.  s  h^A  (t^  -  t) 


The  integration  of  equation  (1)  poses  certain  practical 
difficulties  but  if  hj,  is  relatively  small,  an  average  value 
may  be  used  without  introducing  too  large  an  error*  The  value 
of  h^  is  based  on  the  bulk  properties  of  the  flowing  gases  and 
is  assumed  constant  over  the  total  surface,  iquation  (1)  then 
appears  in  the  form 

-  hg  P  (t-tQ  )+  hj^P  (t  ~  tT/) 

=  (hc+hi.6)pt  -  (hcPtG+ hpCPt,^)  ...(2) 

—  ^  (bQ'thp6)(t  —  ^c^G 

1?A  ^  h^+^h^  ^ 


Equation  (3)  is  of  the  form 


d^e 


d  X 


where  © 


-  O 

=  t  -  hct(i^-  hji^tsy,- 
hct  hr£ 


and  m 


(hc+  h^) 


_P  , 

kA 


and  is  identical  to  the  one  described  in  standard  textbooks  for 
heat  transfer  ty  conduction  and  convection  only.  The  particular 


solution  of  this  homogeneous  differential  equation  for  the  point 
X  ss  L,  is  given  as; 
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Cosh  ml  = 

^  =  tc 


or 


Cosh  ,  (he  +  hr  f  )  _P 

kA 


L 


=  tm  -  ^ 

he  +  hr  € 


tc  -  lictG  ^  hr  ^ 
he  +  hr  ^ 


• » •  •  (5) 


and  after  simplifying 


Cosh  ml  ~  t^ 

to  «  Lhc 

Cosh  ml 

-  1 

••»•••••  (6) 


The  application  of  this  equation  has  been  indicated  earlier,  but 
in  the  equation  shown  for  calculating  he ,  the  mass  velocity  was  based 
on  the  restricted  passage  between  the  tube  and  the  tip  of  the  well. 
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Aroclor  Characteristics 

Experience  in  the  use  of  Aroclor  indicated  that 
continued  use  of  this  fluid  at  its  boiling  point  led  to  its 
persistent  decomposition.  This  breakdown  changed  its 
appearance  from  a  clear  syrup-like  fluid  at  room  temperature 
to  a  black  amorphous  solid.  Corrosive  decomposition  products 
included  l^drochloric  acid.  The  boiling  point  was  found  to 
increase  steadily,  ranging  from  680^  to  760*^  after  which  the 
Aroclor  was  discarded. 

To  obtain  a  constant  bath  boiling  point  of 
approximately  725  for  all  runs,  it  was  necessary  to  boil 
the  Aroclor  under  pressures  ranging  from  44  to  22  inches  of 
mercury. 
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Process  Operational  Procedure 


Preliminary 

1.  Tum  on  cooling  water  to  reactor  bath  condenser* 

2.  Switch  on  reactor  overload  and  transformer  heating  circuits 
and  adjust  tiansformer  to  high  setting  for  initial  heating. 

3.  Switch  on  CuO  furnace  heater  in  offgas  continuous  sampler. 

To  give  temperature  of  400*^0.  disconnect  furaace  tube  inlet  line 
and  connect  outlet  to  vacuum  source.  Switch  on  vacuun  pump  and 
draw  slow  flow  of  air  through  catalyst  bed  for  re-onidaticffi. 

4-  Switch  butane  preheater  on  when  reactor  bath  temperature 
reaches  500^F.  and  start  water  flow  through  prehee-ter  bath  condenser. 

5.  Switch  on  ^2-62  preheater.  Start  air  flow  though  pre- 

heater  to  prevent  overheating. 

6.  Switch  on  variable  input  heat  tracing  circuit  so  that  insul¬ 
ation  will  aitein  temperature  equilibrium  with  surroundings, 

7.  Adjust  air  flow  rate  to  corresponding  desired  rate  of 
for  run  by  checking  offgas  meter  flow  rate. 

8.  Start  cooling  water  through  offgas  cooler. 

9.  Switch  on  Brovn  Temperature  recorder. 

10.  Check  calibrated  butane  reservoir  gauge  to  ensure  that 
sufficient  butane  is  present  for  duration  of  run,  otherwise  fill 
from  butane  reservoir. 

11.  Check  to  make  sure  that  2  product  bottles,  gas  sampling 
train,  and  Orsat  are  prepared. 

12.  Shut  vacuum  pump  off.  Adjust  CuO  oxidation  fumace  trans¬ 
former  to  give  fumace  temperature  of  700  C. 

13.  Reduce  reactor  heat  input  when  bath  temperature  reaches 
■foiling  point.  Control  with  transformer  alone  ix  possible. 


14.  Stajtb  7J-ater  flow  into  absorption  tower  and  flood  tower  to 
wet  the  packing. 

15.  Adjust  N2-O2  preheater  and  heat  tracing  to  control  feed 
terraperature  at  bath  temperature. 

16.  Tum  on  quench  wa.ter  to  reduce  offgas  temperature  to  below 
200®  F. 
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17.  Shut  off  air  flow  sud  close  isolation  valve. 

18.  Open  N2“02  cylinder  valves  and  start  through 

rotameter  at  desired  rate. 

19.  Close  valve  on  bypass  line  from  ice-pot  to  tower. 

20.  Check  reactor  pressure  gauge.  Make  necessary  adjustments 
on  reaction  pressure  reducing  va2ve. 

21.  Start  butane  flow  from  main  reservoir  at  desired  rate. 

4Ka.+  £e-e-hjust  N  -O^  preheater  and  heat-tracing,  if  necessary, 
so^ gases  enter  reacts  at  bath  temperature. 

23.  Change  butane  source  to  ealibrated  reservoir. 

Before  starting  the  measured  time  run,  all  of  the  following 
conditions  must  be  satisfactory; 

a)  The  reactor  reaction  time  may  be  estimated  by  measuring 
the  rate  of  passage  of  offgases  through  the  offgas  meter  with  a 
stopwatch  end  correcting  this  flow  back  to  reactor  conditions. 

b)  The  CuO  oxidation  furnace  must  be  at  700^ C. 

c)  The  offgas  gas  sample  line  should  be  purged  up  to  the 
sample  train  and  the  sample  train  should  be  ready. 

d)  The  composite  gas  sample  collector  should  be  ready. 

e)  The  absorption  tower  should  be  drained  of  excess  liquor 
and  water  introduced  should  be  adjusted  to  give  satisfactory  scrub¬ 
bing. 


f)  The  ice-pot  should  be  drained  through  the  bypass  valve. 

g)  Butane  from  the  calibrated  reseiwoir  must  be  flowing  and  the 
level  visible  on  the  depth  scale. 

h)  Sample  bottles  icr  product  should  be  installed  at  tower 
liquid  outlet. 

i)  Reaction  should  be  evident  by  temperature  chart. 

j)  Butane  flow-rate  should  be  checked  over  a  5-minute  period 
by  observing  reservoir  gauge  depth  change. 

Operation 

1.  Mef sure  volume  on  wet  test  meter  with  no  flow  but  adjust  to 
operating  vacuxmi. 
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2.  Start  tower  liquid  product  draining  into  waste  liquid  bottle. 

3*  Measiire  reading  of  offgas  meter,  butene  reservoir  level  and 
start  stopwatch. 

4.  Switch  tower  drain  to  sample  collection  bottle. 

5.  Start  composite  gas  sampler. 

6.  Start  gas  flow  through  OuO  oxidation  furnace  at  slow  rate 
to  ensure  complete  oxidation.  Note  wet  test  meter  pressure  and 
temperature. 

7.  Take  offgas  sample  and  analyse  mth  Orsat  every  15-20  minutes, 

8.  Maintain  constant  flows  with  butane  and  N2-O2  rotameters 
(also  H2O  if  being  measured  into  process.)  Adjust  N2-O2  rotameter  if 
the  offgas  meter  rate  is  found  to  be  changing. 

9.  /  Adjust  heaters  if  necessary'"  to  maintain  steady  state. 

Measure  instantaneous  temperatures  of  reactor  feed  with  potenticmeter. 

10.  Operate  at  desired  conditions  until  sufficient  product  and 
data  collected. 

Shutdown 


1.  Drain  tower  and  ice-pot  into  j^^Sduct  bottle. 

2.  Measure  butane  reservoir,  and  offgas  meter  at  same  instant 
stopwatch  closed. 

3.  Shut  off  composite  gas  sampler. 

4.  Leave  gas  train  vacuum  pump  on  but  isolate  sample  line  up¬ 
stream  of  samplers,  measure  volume  and  switch  to  N2  purge, 

5.  Shut  down  process  equipment  only  when  all  samples  are 
satisfactory. 

6.  Turn  off  all  electrical  switches  including  butane  preheater. 

7.  Stop  butane  flow  by  closing  isolation  valve  at  base  of  pre¬ 
heater,  then  control  valve  and  finally,  isolation  valve  at  reservoir* 

8.  Stop  Np-Oo  flow,  close  cylinder  vaives. 

9.  Shut  off  quench  water. 

10.  Leave  a.ll  condensers  on  until  Aroclor  baths  are  cooled. 
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11.  When  sample  train  has  been  purged  with  W  shut  off  vacu¬ 
um  pump  and  remove  bubblers.  Notetha,!  sample  bot^es  must  be 
removed  in  proper  sequence  to  prevent  siphoning  mth  consequent 
reagent  mining. 

12.  Analyze  CO^  samples  by  titration. 

13.  Analyze  composite  gas  sample  with  Orsat. 

14.  Complete  calculations  as  per  outline. 
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